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ABSTRACT 
Jetton, Amity J. M.S., Department of Geological Sciences,     
Wright State University, 2008. 
Estimation of evapotranspiration of cottonwood trees in the Cibola National 
Wildlife Refuge, Cibola, Arizona. 
This study used sap flow measurements and satellite imagery to estimate 
water use by cottonwood (Populus fremontii S. Wats. ssp) trees in an irrigated 
restoration plot at Cibola National Wildlife Refuge on the Lower Colorado River.  
Several thousand hectares of irrigated plots of this type are planned to improve 
riparian habitat on the river, hence it is important to know how much water the 
trees require.  In this study, the ET rates for 20 Freemont cottonwood trees, from 
an 8 ha plot, were monitored over a 30-day period.  ET rates were estimated by 
measuring sap flow through branches of the trees.  Biometric scaling was used to 
project ET at branch to ET at tree and plot level through the ratio of basal trunk 
area with the cross-sectional area of the branches.  The mean biometric ratio 
exhibited a 1:1 relationship.  Sap flow ET results showed that the cottonwood tree 
consumed 6-11 mm day-1 of water.  My main contribution in this project was 
working with vegetation indices from MODIS and Landsat 5 TM (TM) time-series 
imagery and air temperature data.  I developed projected ET rates over annual 
cycles, based on an empirical method calibrated against moisture flux tower data 
in previous studies.  ET estimates from satellite data were similar to concurrent 
measurements of ET by sap flow methods.  Annual estimates of ET from satellite 
data were approximately 1,200 mm yr-1, with an error or uncertainty of 20-30% 
inherent in both the ground and remote sensing methods. 
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I.  INTRODUCTION AND PURPOSE 
 
INTRODUCTION 
 
 In the semi-arid and arid regions of the southwestern portion of the U.S., 
water is a highly prized commodity.  By controlling the region’s non-agriculture 
vegetation in riparian corridors, which saddle river byways, governing agencies 
such as The U.S. Department of Interior, Bureau of Reclamation (USBR), can 
maximize the availability of water needed for human activities. 
Water is a scarce commodity in these regions; increasing human needs 
conflict with those of biota.  River water dispersion is dependent on several 
factors:  surface water evaporation, ET of riparian vegetation, ET and irrigation of 
crops, ground water recharge, and municipal and industrial use.  Inter-annual 
variability makes water budgets inaccurate and less reliable.  It is difficult to 
quantify each component’s depletion amount.  Therefore, it is necessary to 
continue investigating new ET methods and techniques such as those used in 
our study to better understand and quantify ET estimates of riparian areas.   
 Actual evapotranspiration (ET) estimates of a planted cottonwood plot, like 
the one we studied, can be a model for the many such plots planned for by the 
Multispecies Conservation Program on the Lower Colorado River (LCR) over the 
next 50 years.  Knowing actual ET rates will allow managers to use just the right 
amount of water. 
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PURPOSE 
The objectives of the Cibola cottonwood project and in part this thesis are 
as follow:  (i) Determine ET rates of native riparian cottonwood (Populus fremontii 
S. Wats. ssp) trees; (ii) develop remote sensing and allometric tools to scale ET 
rates to whole cottonwood plantations and natural stands; (iii) to scale ET from 
leaf: branch: tree: canopy: field; (iv) validate the equivalency of ET as determined 
at each scale of measurement. 
The estimated rates from this study will help understand the implications of 
cottonwood trees as a part of restoration strategies in the area and will expose 
limitations and potential errors within these methods.  The exercise of scaling 
from ground to aerial to moderate then finally coarser resolution remote systems 
will add to the continuing effort of streamlining scaling techniques and improving 
accuracy of remote to ground estimates.  The vegetative parts of the cottonwood 
trees were measured to glean intrinsic allometric relationships.  The goal of this 
study was to verify allometric relationships between the tree’s vegetative parts 
and allow ET rates to be scaled from the two monitored branches to the entire 
individual tree and finally to the cottonwood plot. 
We used two satellite sensor systems, Landsat 5 Thematic Mapper (TM), 
and Moderate-resolution Imaging Spectroradiometer (MODIS) to estimate ET for 
the cottonwood plantation.  TM images have the ability to provide a detailed view 
of ET within a field or series of fields at a given time.  Whereas, MODIS is able to 
provide time-series views of ET at courser levels through a growing season.  The 
use of both satellite systems allows for detection of ET changes with time and 
patterns of ET within an area. 
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The project will assist in identifying effective and accurate means of ET 
measurements on stands of riparian vegetation like the cottonwood at the Cibola 
National Wildlife Refuge (NWR).  The project will serve to validate the use of the 
sap flow heat-balance method to measure ET as a reliable approach for 
quantifying ET rates in similar stands.  The leaf area and leaf area index 
measurements determined from the ground biometric methods will be compared 
with the leaf area index estimate using the Licor LAI-2000 plant canopy analyzer, 
thereby providing validity to each as a viable option. 
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II. BACKGROUND AND LITERATURE REVIEW 
 
THE LOWER COLORADO RIVER 
PHYSIOGRAPHY 
 The Colorado River travels 2,330 km from its source by snowmelt 
on the western slope of the Rocky Mountains of southwestern Wyoming and 
Western Colorado through several western states - Utah, Arizona, Nevada, and  
California before crossing into Mexico and ending at the Sea of Cortez (USGS, 
Information and Technology Report, 2002).  Figure 1 shows a satellite image 
(MODIS) of the southwest region containing the LCR.  The Colorado River 
system, including tributaries, drains an area of 637,000 km2 (Figure 2).  Its basin 
runoff is approximately 700 m3 s-1.  The Colorado River is divided into two parts  
upper (UCR) and lower (LCR). 
The LCR watershed is the last 688 miles of the river, enveloping 3.2 
million acres from the states of Nevada, Arizona, and California.  The LCR valley 
begins south of Glen Canyon Dam at Lees Ferry, Arizona, and terminates at the 
Gulf of California, Mexico (USGS, 2004).  Low gradient broad alluvial valleys 
characterize the flow path.  Flood plains and flanking river terraces support 
agriculture.  By 1984, nearly 70% of all vegetated area in the LCR region is now 
agriculture land (USGS, 1994).  
Receiving 50 to 130 mm in annual precipitation, the predominant 
environment of the Lower Colorado River region is semi-arid to arid.  The river 
separates the Mojave and Sonoran deserts.  
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Figure 1.  MODIS image, of the LCR region, acquired on February 9, 2002.  
Reprinted from David L. Alles, The Lower Colorado River, Western Washington 
University, (Washington, 2005). 
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Figure 2.  Map showing the Colorado River and tributaries.  Reprinted from the 
USGS, Information and Technology Report, 2002. 
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ANTHROPOGENIC HISTORY  
 The Colorado River is the major source of water for the southwestern 
United States and northwestern Mexico.  Millions of people depend on the fifth 
largest river in the U.S. for municipal, industrial, and recreational use, irrigation of 
crops and generation of hydroelectric power.  The regulated waterway is 
instrumental in minimizing flooding and facilitates the irrigation of agricultural 
areas and municipal use.  The changes in the hydrology and geomorphology of 
the LCR extend from Hoover Dam to Morelos Dam.   
Since the early twentieth century, Mexico and the seven basin states 
created legal compacts to manage the Colorado River’s developments and 
diversions.  Human modification to rivers, like the Colorado River, have altered 
natural and inter-annual flow regime.   
Instituted in 1902, the USBR is a water management agency, 
geographically divided into five administrative areas covering 17 western states.  
The agency is responsible for riverine resource management.  The mission of the 
agency is to balance water resources between human delivery obligations and 
that of the region’s biota and environment. 
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In the 17 western states, the USBR has over 600 constructed dams, 
reservoirs, power plants and canals, which have changed the composition of 
riparian corridors.  The USBR’s Lower Colorado Region serves Arizona, southern 
California, and southern Nevada and provides irrigated water to 10 million acres; 
these farmlands produce 60% of the country’s vegetables.  The water-budget 
system, LCRAS, is comprised of several cooperative water monitoring 
applications that provide annual estimates and distribution of consumption as 
well as fate within the watercourse.  The water budget functions as an 
assessment of water inputs and outputs.   
 
CIBOLA NATIONAL WILDLIFE REFUGE 
 The Cibola National Wildlife Refuge (NWR) is located 20 miles south of 
Blythe, California along the LCR. It is a southern neighbor of the Imperial NWR.  
The latitude and longitudinal coordinates are 33.31 and -114.69.  The size of the 
refuge is 12 miles in length and it encompasses 16,627 acres (Figure 3).  The 
refuge domain extends into both Arizona (approximately two-thirds) and 
California (one-third) (U.S. Fish and Wildlife Service, 2006).   
 Farmland (2,000 acres) and desert foothills and ridges (785 acres) 
characterize the refuge.  The river area, the main portion of the refuge, features a 
combination of dredged and original channel and alluvial river bottom inhibited by 
saltcedar, mesquite, and arroweed.   
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 Instituted, in 1964 as a U.S. Fish and Wildlife Service conservation effort, 
the refuge safeguards native fish and wildlife habitat from the disruptive 
alterations to the LCR.  An array of avian and aquatic vertebrates call Cibola 
NWR home.  Refuge records have logged approximately 288 avian species (U.S. 
Fish and Wildlife Service, 2006).  Among the birds that sojourn at Cibola NWR, 
Neotropical migratory birds are the most disturbed by the changes and reduction 
in the riparian landscape, according to studies.  Like the willow species, 
Neotropical birds nest in the northern U.S. or Canada and sojourn in the 
southwestern portion of the U.S. and Mexico, Central or South America, and the 
Caribbean.  The chief intent of the cottonwood restorative plantation effort is to 
sustain adequate habitat for these birds. 
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Figure 3.  Map of Cibola NWR, Cibola, Arizona.  Reprinted from the Southwest 
Birders, Yuma Area Birding Guide by Henry D. Detwiler.   
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III. WESTERN NORTH AMERICAN RIPARIAN VEGETATION 
 
 Western North American riparian areas cover between 1 and 3% of the 
landscape.  The western extent is from the 100th meridian to the Cascades and 
Sierras range, and the southern extent from southern Canada to northern Mexico 
(Patten, 1998).  Less than 0.5% of the land surrounding the LCR is considered 
riparian (Owell and Stiedl, 2000).  Acting as boundaries separating terrestrial and 
riverine aquatic systems, riparian zones are narrow vegetated corridors, 
produced by alluvial sediment deposits.  These vegetation communities rely on 
local precipitation augmented by river and alluvial ground water sources. 
 The hydrogeomorphology of riparian areas is reliant upon resident 
vegetation and perennial fluvial processes.  Elevation gradient, geographical 
orientation and terrain slope influence variation among communities (USDA, 
NRCS, 2006, Patten, 1998).  The riparian ecosystem, as defined by Nilsson and 
Berggren (2000), constitutes land above the high-water mark of a stream channel 
and the channel itself where vegetation thrives between the low- and high-water 
marks.  The vegetation community is affected by the periodic elevation of the 
water table (e.g. flooding) and its ability to stabilize soil and moisture.   
 There are many functional benefits of riparian zones.  Riverine stands 
have the ability to stabilize sediment and filter water.  The density of stream bank 
vegetation affects sediment retention that, in turn, immobilizes fertilizers and 
pesticides.  Stream bank vegetation impedes straight channelization and 
promotes sinuosity and improves water quality by trapping and filtering sediment 
as well as controlling down gradient sediment loading.  During flood events, 
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dense stands of vegetation reduce the flow velocity, thereby increasing ground-
water recharge and maintaining sufficient water table levels (Webb et al., 2007). 
 Obligate, woody riparian areas, rich in cottonwood and willows, provide 
humid conditions that enhance plant growth of other species, which in turn afford 
support for complex invertebrate communities.  The diverse vegetation found in 
riparian areas supports wildlife.  Previously cited Patten studies stated riparian 
communities in arid regions provide habitat for most wildlife at some life stage 
(1998).  Approximately 126 native Californian mammal species and at least 50 
reptile and amphibian species are dependent on riparian environments (U.S. 
Department of Agriculture [USDA], Natural Resources Conservation Services 
[NRCS], 2006).  
 Rivers and wetlands occupy 2% of the land surface in the western part of 
the U.S.  A 1984 survey by Katibah et al. reported California’s riparian areas 
declined by approximately 89% over the past 150 years due to anthropogenic 
degradation.  As stated in the 2005, USBR Cibola Valley Conservation Area, 
Report, “Riparian areas in the Southwest provide a substantial array of ecological 
functions.”  Riparian areas support a disproportionately high bird diversity and 
abundance, yet form less than 0.5% of all land area.  The report also asserts that 
over 80% of the migratory avian wildlife depends on these fragile slender riparian 
zones for breeding and as a migratory stop-over.  
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 To varieties of Neotropical songbirds, such as the willow flycatcher, that 
come from as far away as Central America, areas like the Cibola NWR are critical 
for resting.  The USDA, NRCS National PLANTS Database cited a previous study 
in which 147 bird species were observed nesting or resting during the winter 
months in riparian areas of California (2006)  
 A narrow corridor of riparian vegetation flanks the LCR.  The most 
common native riparian, mesic (moderately dry soil levels) trees are the 
cottonwood and the desert willow (Chilopsis linearis).  The human alteration of 
the Colorado River has made the landscape more saline and its floodplains drier.  
The river’s innate behavior  yearly over bank flooding and high bank flow  is at 
present disrupted, leaving adjacent riparian areas water starved and the soil 
saline.  The destruction and decline of mesic galleries along the LCR have 
reduced riparian zone buffering capacity against flood velocities soil erosion.  
Livestock overgrazing and changes in the flood regime have weakened the native 
mesic trees ability to compete with more xeric, suited for hyper-arid environments 
receiving rainfall of fewer than 10 inches of rainfall annually, riparian species 
such as the saltcedar or tamarisk (Tamarix ramosissima) (Figure 4) and Russian 
olive (Eleagnus angustifolia), (USDA, NRCS, 2006).  These ectopic conditions 
have allowed the non-native plants to prevail and replace many of native mesic 
tree communities. 
 The saltcedar is an imported late nineteenth century shrub from Eurasia.  
By the 1960s, it began to dominate areas originally occupied by native plants, as 
it is drought and saline tolerant.  Shaforth et al. (2005) reported that saltcedar 
inhabits an estimated 1 to 1.6 million acres of the western and southwestern U.S.  
 14 
The common view of the invasion by saltcedar is as a yielding destructive 
ecological and economic consequence from human disruption of the river and 
surrounding environment.  Resource managers have questioned whether 
saltcedar control and eradication would provide “salvaged” river water.  
The original intention for importing saltcedar was to control bank erosion of 
the Colorado River and Rio Grande River.  However, due to human perturbation – 
river alteration, land clearing and livestock grazing, conditions have become 
more favorable for saltcedar than for many native species.  Saltcedar and 
arrowweed (Pluchea sericea) are recognized as the leading woody species and 
shrub of the perennial river systems that flank the LCR.  Comparative 
ecophysiological studies (Nagler et al., 2004) of the saltcedar species support the 
theory of saltcedar being well suited to the changed river conditions – from a 
mesic to a saline xeric environment.  Its replacement rate of native vegetation is 
rapid at 20 km per year, replacing mesquites in higher-elevated, drier areas and 
cottonwood and willow in lower wetter areas (Nagler et al, 2005a).  Illuminated by 
the persisting reduction in riparian corridors along the LCR, the aggressive 
growth of the saltcedar monocultures has made the wildlife community concerned 
about its ecological function. 
 The leading ecophysiological complaint against saltcedar is its purported 
water usage.  Shafroth et al. (2005) cited numerous sources that concerted 
saltcedar infestation results in high ET rates, less habitat provision, increased soil 
salinity, and native vegetation degradation.  The benefits include provision of 
wildlife habitat in areas to saline for other vegetation to grow and provide nectar 
for honeybees.  There is still much debate about the impact saltcedar proliferation 
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has on the riparian regions.  Three questions form the essence of the debate:  
does saltcedar deplete stream flow as compared to native vegetation?; does 
saltcedar provide inadequate habitat to wildlife; due to present day alteration of 
watercourse?; what type of vegetation is suitable to replace saltcedar and how 
will this be done?   
Saltcedar, as a facultative phreatophyte, obtains its water primarily from 
riparian water tables.  It has the ability to impair water tables and modify the 
geomorphology of the river channels.  Various transpiration studies claim 
different transpiration but the majority charges saltcedar as a heavy water 
consumer.  According to Devitt et al. (1998), using a Bowen Ratio method, 
saltcedar stands consume on average 10-12 mm day-1 (3.65-4.38 m y-1) which 
makes this species competitive with human needs and neighboring native 
vegetation.  However, a recent study by Nagler et al. (2005a) compared saltcedar 
ET rates from previous experiments.  Their conclusion was that saltcedar as an 
excessive water consumer was a misnomer due to highly subjective ET results 
depending on the measuring method, LAI, water availability, soil salinity, and 
stand density. 
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Figure 4.  Saltcedar (Tamarix ramosissima), Cibola, Arizona.   
Photograph by author. 
 
 
 
FREMONT COTTONWOOD 
 The scientific name for the Fremont cottonwood is Populus fremontii S. 
Wats. ssp. fremontii.  It belongs to the salicaceae (willow) family of flowering 
plants (Figure 5).  The bark of a young cottonwood tree is smooth, becoming 
cracked and whitish with maturity.  Waxy, shiny olive green color and flattened 
stems characterize the cordate shaped leaves.  At about 20 to 25 years of age, 
the height of mature cottonwood ranges between 12 to 35 meters.  The diameter 
of mature cottonwood ranges between 0.30 to 1.5 meters.  Cottonwood trees are 
dioecious, meaning that staminate and pistillate flowers reside on separate trees. 
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Figure 5.  Fremont Cottonwood (Populus fremontii).  Photograph by author. 
 
 The phenological cycle for southwestern cottonwoods is about 248 days.  
The growing begins in March and ends in November (Nagler, 2005a, b).  In early 
spring (March, April), the female catkins blooms and releases cottonseeds 
(achenes) into the atmosphere to be distributed by the wind.  In the fall, leaves 
turn yellow and both leaves and twigs drop.  Cottonwood leaves may fall as early 
as June depending on water availability.  Cottonwood will drop leaves in order to 
conserve water by minimizing respiration.  The disruption of the natural, annual 
LCR flood routine, due to human alteration such as damning, creates unfavorable 
germination conditions; for the seedlings, spring flooding is essential for 
establishment. 
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 According to the United States Department of Agricultural (USDA) Natural 
Resources Conservation Service (NRCS), 2005 National Plant database, 
Fremont Cottonwood is the dominant species of lower terrace deposit, riparian 
woodlands and inhabits much of the southwestern U.S., including California, 
Nevada, Colorado, Arizona, Texas, and New Mexico.  Its riparian ecosystem 
functions include bank stabilization, flood neutralization, and wildlife habitat.  
Favorable conditions for a cottonwood establishment are nearness to water 
sources, gravel, or sandy soil, and ample moisture for germination and growth. 
 
RESTORATION 
 In compliance with the Endangered Species Act, the USBR serving as the 
implementing entity, in 1996, established a multi-agency (Federal and non-
Federal) partnership called the Lower Colorado River Multi-Species Conservation 
Program (MSCP).  The MSCP reach extends to 400 river miles, from Lake Mead 
to the U.S. Mexico Southerly Internal Boundary, which includes the historical 
floodplain of the Colorado River.  The MSCP is a 50-year project intended to 
address the recovery and protection of native flora and fauna along the LCR.  
The project cost is estimated at $626 million and is proportioned among the LCR 
states (USBR-50%, CA-25%, NV-12.5%, AZ-12.5%).   
 The program aims to remediate human-altered areas that threatened 
wildlife and inhibit additional species from the Endangered Species Act list.  To 
achieve this, the program plans to restore 8,100 acres of riparian, marsh and 
backwater habitats.  The implementation of the program is under the direction of 
the Steering Committee, a USBR partner.  The program design includes adaptive 
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management principles, allowing conservation approaches to adjust with new 
research and developments.   
 
The current USBR proposal for the Cibola Valley Conservation Area 
(Figure 6) under the Steering Committee’s consideration is to establish up to 
1,019 irrigable acres of native mosaic to serve as habitat for Covered Species as 
specified in the Lower Colorado River MSCP (USBR, Lower Colorado Region, 
Cibola Valley Conservation Area, Draft Report, 2005).  Native mesic vegetation 
will include between 250 and 500 acres of cottonwood and willow trees, the 
preferential habitat for the southwestern willow flycatcher and the yellow-billed 
cuckoo.  The appropriation of the total LCR water budget needed to support 
current and future restorative endeavors like the cottonwood plantation in Cibola 
NWR must be determined.  This study attempts to make a systematic estimation 
of cottonwood water use and contribute to the methodology of such studies.  
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Figure 6.  Map of Cibola Valley Conservation Area.  Map reprinted from USBR, 
Cibola Valley Conservation Area, Draft Report, 2005. 
 
 
 
 An investigation from 1989 to 1994 by Larison et al. (2001) observed the 
nesting selection and propagation of song sparrows (Melospiza melodia) among 
riparian habitats of different ecological arrangement.  The vegetation of the study 
area  The Nature Conservancy, Kern River Preserve in Kern County,  
California  was comparable to that of Cibola NWR, a cottonwood-willow riparian 
forest.
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The authors concluded that mature forests with vegetation heterogeneity and 
high-volume under-story offered more sustenance to the song sparrows than 
restored areas.  Stands containing a mixture of cottonwood, willow and mesquite 
along with thick grass under-story offered the best conditions.  Sparrows use the 
low vegetation, fallen foliage, and grass to forage for food.  New, unestablished, 
restored stands lack diversity and vegetative richness to foster successful 
propagation and protection from nesting predation.  The authors also observed 
that the preference of the wood warbler is different from the sparrow based on 
contrary diets.  The wood warbler preferred riparian environments containing 
mostly cottonwood and willow overstory.  The diet of these birds consists of 
feeding on insects found in the trees’ twigs and leaves.  A study on riparian 
ecosystems by D. T. Patten (1998) supports the theory that diversified riparian 
areas exhibiting distinctive canopy structures sustain a wide range of wildlife 
habitat.  Different animal species inhabit different tiers or strata of the canopy 
arrangement found in established diversified stands.   
 A previous demonstrative restoration project of two vegetation sites  
Cibola and Yuma, Arizona  was in accordance with the 1997 Biological 
Conference Opinion and Routine Operations and Maintenance of the Lower 
Colorado Region.  The project was a large ecological restorative undertaking 
within a fall migration bird banding operation initiated by the cooperation of the 
Wildlife Resources Team, Resources Management Office, Lower Colorado 
Region, and the USBR.  The charge of this endeavor was to observe, by banding, 
the number of migrant birds using these designated areas and to recapture, 
planting native monoculture stands, some of the native habitat lost that has been 
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lost due to human activity (i.e., farming, urban development, and flow regulation).  
The U.S. Fish and Wildlife Service enforced the 1997 Biological Conference 
Opinion through the creation of the Reasonable and Prudent Alternative 14 
(USBR, Final Report of Fall 2003 Migration Bird Banding Activities at Cibola and 
Pratt Restoration Sites, Lower Colorado Region, 2003).  The edict required the 
USBR to explore ecological restoration techniques which sites would be located 
along the flanks of the LCR.  The cottonwood lot was one of three distinct 
restored habitats:  1 hectare of Fremont cottonwood (our site); 5.5 hectares of 
honey (Prosopis glandulusa) and screwbean (Prosopis pubescens Benth) 
mesquite mix; and 2.6 hectares of Goodding willow (Salix gooddingii).  The 2003 
USBR - Final Report on the restoration project states total plantings concluded in 
1999 were 1,500 honey and 1,500 screwbean mesquites, 2,600 Fremont 
cottonwoods, and 10,000 Goodding willow (USBR, 2003).   
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IV. EVAPOTRANSPIRATION (ET) 
 
Plant survival depends on equilibrating water uptake with water loss.  The 
activity of photosynthesis is dependent on water availability (Nicholson, 2006).  
The difference between a stressed plant and an unstressed plant is the amount of 
water loss compared to the water taken in.  Dehydration occurs when the 
transpiration rate exceeds absorption rate.  Nicholson (2006) states that there are 
various factors both environmental and physiological that influence a plants 
ability to sustain hydration.  Physiological features such as stem conductance, 
diffusive resistance in the leaf structure, size, density, and shape of the stomata 
all influence the processes of transpiration and absorption. 
Evaporation is the conversion and release of liquid water to vapor from a 
surface.  Transpiration is the process of liquid water vaporization from plant 
tissue.  Evapotranspiration (ET) is the combination of evaporation and 
transpiration processes.  ET is the combined sum of soil moisture evaporation 
and plant transpiration (Nagler et al., 2005a).  Its rate is dependent upon the 
gradient of vapor pressure between the atmosphere and the plant canopy and on 
the physiological status of the plant and varies regionally and seasonally.  
Commonly reported in terms of millimeters per unit of time (1 mm day-1), ET is the 
amount of water lost during a specific time span.  It is also expressed as the 
amount of water lost per unit area of ground surface during a specific time span  
(m3 m-2 day-1) or as meters of water per year (m3 yr-1).   
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Changes in its physical state characterize the evaporative phase change 
of water.  This process includes conversion of liquid water to a gaseous state.  
For evaporation to occur, a moisture gradient between the atmosphere (dry) and 
the plant surface (moist) is necessary.  When atmospheric conditions are dry, the 
moisture gradient is high and water molecules on wet vegetation can evaporate 
readily.  However, when the atmosphere is water saturated (humid), there is less 
energy available for absorption by the liquid water molecules on vegetation 
surfaces, thereby hindering the evaporative process.  Latent heat is the energy 
necessary for the liquid molecules to defeat the forces of attraction between them 
in the liquid state.  The water absorbs the energy from solar radiation and 
surrounding ambient temperatures.  The action of evaporating requires large 
amounts of energy; the evaporation of one gram of water at 100°ْ C needs 540 
calories of heat energy.   
Transpiration is the passive mechanism by which plants lose water to the 
atmosphere through openings in the stomata (Wyrick, 2005).  Typically, during 
the day, plants take in carbon dioxide through their stomata, microscopic pores 
on the underside of leaves.  It is during this process that water is lost.  Stomatal 
regulation controls plant transpiration.  The stomatal openings regulate the loss 
of water vapor from leaves to the atmosphere.  Dicot guard cells and cellulose 
microfibrils in the cell wall control stomatal openings.  As the guard cells, these 
openings shrink in response to stressful conditions such as periods of drought.  
The environmental conditions of the plants and the plants’ physiology influence 
resistance of stomatal function to release water (Nicholson, 2006; Wyrick, 2005). 
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Plant sap consists of inorganic ions and water.  In vascular plants, water 
moves primarily through the xylem.  The xylem is a complex water-conducting 
tissue.  The xylem is a channel-like conduit made up of dead cells that transports 
sap from the root to plant leaves.  Observing the velocity of xylem sap flow 
provides a measurement of transpiration.  This is the premise we used in 
employing the heat-balance method. 
Water moves through plants in two ways through the symplast (movement 
via the connected cytoplasm) and the apoplast (movement via intercellular 
spaces).  Plant efficiency is determined by comparing the amount of assimilated 
carbon dioxide with the amount of water lost per gram.  The process of 
transpiration is responsible for providing the lift-force (negative tension), 
commonly referred to as the transpirational pull, of water, and dissolved nutrients 
(sap) from the plant’s roots to the leaves via the xylem tissue.  Water evaporating 
from the leaf-surface forms a concave meniscus inside a newly emptied pore 
(Wei et al., 2000).  Created force lifts water upward in the tree via the xylem, 
when the high surface tension property of water reverses the concavity.  It also 
serves as a cooling system for the act of evaporation, consuming heat energy 
and reducing heat loading. 
The transport of xylem sap is an antigravity activity.  The water potential 
gradient is the high water potential in the soil as compared to the air.  Water will 
flow through a plant membrane from high water potential to low water potential.  
When water vaporizes through the stomata, water’s unique properties of strong 
adhesion and cohesion, supplants the evaporated water.   
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The supplanted water adheres to the sides of the mesophyll cells and 
creates a tension in the xylem.  Water is pulled from below toward the direction of 
water deficit. 
 Atmospheric conditions are the driving force for ET.  The most influential 
atmospheric factors are solar radiation and wind speed (Nicholson, 2006; 
Rosenburg, 1986).  Thus, ET differs with latitude and cloud cover and fluctuates 
daily and seasonally.  Solar radiation supplies energy necessary for vaporization.  
Land surface reflective properties affect the degree of ET; deserts reflect up to 
50% of solar energy pending on vegetation type (Rosenburg, 1986).  For 
optimum growth, trees maintain a species-specific thermal threshold through heat 
convection and by transpiration into the atmosphere (Coder, 1999).  Heat stress, 
due to increasing temperature, can cause a vapor pressure deficit at the leaf-
atmosphere boundary intensifying transpiration rates in addition to speeding up 
the water transfer via the apoplast (Coder, 1999). 
Wind speed affects the transference of heat energy and removes moisture 
vapor.  The wind carries advected heat, which can lead to the heating and drying 
of tree tissues.  The drying of a tree leaf’s surface, as mentioned previously, is 
the catalyst for transpiration pull and subsequently promotes dehydration.  The 
average, minimum, mean annual wind velocity for the western U.S. is 8 mph 
(Eagleman, 1976).  Wind at 5 mph will cause ET to increase 20% over the value 
in still air (Chow, 1964).  The Cibola NWR exhibits both intense solar radiation 
and a mean summer wind velocity of about 5 mph.  
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At t the Cibola NWR, the atmosphere exhibits conditions of low humidity, 
high air temperatures (Ta), clear skies, and moderate wind velocity producing the 
greatest moisture gradient that, in turn, produces the greatest ET. 
 
 
METHODS TO OBSERVE ET 
To investigate vegetation water use, evapotranspiration is an integral part 
of water resources management.  In the United States Geological Survey report 
“Estimated Use of Water in the United States in 1990” 67% of the hydrologic 
budget was attributed to ET as compared to 29% in surface water outflow 
(USGS, 1993).  The variability in ET rates due to climatological factors creates 
the necessity for understanding its process. 
Selecting the appropriate methods to estimate ET for any project is 
difficult.  Each vegetation system is unique in climate, soil type, and vegetation 
type.  Over 50 ET estimating methods are classified into three groups:  
temperature, radiation, and combination of the latter two (Pochop and Burman, 
1987).  Early methods deriving laboratory ET rates utilized weighing lysimeters 
and the dome method.  Today, water budgets and ground fluctuation analysis are 
among ET estimating methods.  Others include: the semi-empirical models that 
use empirical observations like temperature and radiation, sap flux methods that 
measure the heat dissipation from individual stems and trunk, and 
micrometeorological methods.  Commonly, large-scale field studies make use of 
the micrometeorological approaches such as Bowen Ratio Energy Balance and 
Eddy covariance.  The following is a short summary of methods used to estimate 
ET. 
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 Dome Method – The dome method consists of representative plantings 
enclosed in a plastic dome.  Vapor pressure density is measured and the 
rate of water vapor accumulation in the dome is determined. 
 Lysimeter – The weighing lysimeter technique requires planting vegetation 
in large containers, then placing it on top of sensitive scales, burying it 
flush at ground level.  Technicians then weigh plants periodically.  Short-
term weight differences represent water loss by ET (weight loss) and 
precipitation (weight gain). 
 Water budget – The function of water budgets is to assess water inputs 
and outputs for designated root zones or watercourses. 
 Ground water fluctuation analysis – This method observes the daily 
changes in water levels near vegetation roots.  A positive slope indicates a 
decrease in decrease in water while a negative slope means an increase 
in water levels.  Researchers assume water withdrawn from the ground 
water zone is entirely evaporated/transpired.  
 Semi-empirical modeling – These models, such as the Penman-Monteith 
model, replicate plant transpiration by means of equations based on the 
principles of energy balance and water vapor transport.  Net radiation is 
measured directly, in the field, as ambient air as well as canopy 
temperatures directly. 
 Micrometerological methods –  
  Bowen Ratio Energy Balance (BREB) – A theoretical ratio 
expression of vertical fluctuations between sensible (atmosphere) to latent 
heat above canopy.  This method incorporates an energy balance 
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equation accounting for the energy transference between the earth’s 
surface and the atmosphere.  
  Eddy Covariance (EC) – A method that measures vertical transport 
of water vapor by measuring the upward and downward net energy fluxes 
at a single reference site above the canopy.  
  Sap flux method –  This empirical method measures temperature 
difference created by localized induced stem heating to in order to assess 
the ascending velocity of sap flow within the xylem conduit.   
Each approach contains disadvantages and limitations.  Although 
proficient in providing temporal ET estimates, these methods are constrained due 
to the requirement of large, uniform terrain and complex, expensive equipment.  
Lysimeter and semi-empirical studies are faulty in that these methods lead to 
overestimates due to the “oasis effect” where horizontal advection occurs 
(Shafroth et al., 2005; Dahm et al., 2002).  Micrometeorological methods are 
proficient in providing temporal ET estimates but are limited due to the 
requirement of large uniform fetch, and complex, expensive equipment.  Table 1 
is a list of previous studies on ET rates for cottonwood communities in the 
Southwest using different approaches.   
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Table 1.  Southwestern cottonwood, ET estimates.  Table modified from Shafroth 
et al., 2005.   
 
ET 
(m yr -1) 
Study Site Method Author 
 1.4 – 3.3 Gila River, AZ Lysimeter Gatewood et al., 1950 
 3.1 – 5.7 
(mm day-1) 
San Pedro River, AZ Sap Flux Schaeffer et al., 2000 
 1.0 – 1.2 Rio Grande, NM Eddy 
Covariance 
Dahm et al., 2002 
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V. PROJECT CONTRIBUTORS 
 
CONTRIBUTORS 
Pamela L. Nalger, Ph.D.  Dr. Nagler is currently a physical scientist for the 
Department of Interior (DOI), U.S. Geological Survey, Sonoran Desert Research 
Station (USGS-SDRS) and was previously at the Environmental Research Lab of 
the University of Arizona (ERL-UA), Tucson, Arizona.  With support through a 
USGS grant from the DOI-Lower Colorado River landscape research, Dr. Nagler, 
research project leader and experiment coordinator, ascertained ET estimates 
cottonwood trees at a Cibola NWR tree plantation on the lower Colorado River, 
south of Blythe, California.  Her specific contribution to my thesis research topic 
was the idea of adding TM data to estimate evapotranspiration (ET) at the 30m 
resolution scale.  She also added ground-based sap flux estimates and satellite-
based MODIS estimates of ET.  My thesis research provided her with a middle-
scale approach, which was important for validating the power of the predictive ET 
over various scales.  
Dr. Nagler originated site location, plot configuration, sap method 
implementation, data collection, analysis, and interpretation.  She coordinated all 
aspects of this project including fieldwork, laboratory work, acquisition, and 
manipulation of remote sensing imagery.  Under her direction, we synthesized all 
sap flow data, allometric measurements, and ground to remote sensing scaling to 
produce the conclusions.  Through her affiliation with the USGS-SDRS and the 
ERL-UA, Dr. Nagler was instrumental in securing support for the entire 
experiment infrastructure, including equipment, experiment sensors and all 
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logistical support.  The deliverables for this experiment were a summative review 
and interpretation of the results.  To date, Dr. Nagler's work is published in the 
Journal of Agricultural and Forest Meteorology 144: 95-110.  She has presented 
the project at science and policy conferences.  
Edward P. Glenn, Ph.D.  Dr. Glenn is a professor within the department of 
Soil, Water, and Environmental Science at the University of Arizona.  Dr. Glenn 
provided computer facilities for this project.  He provided statistical support and 
assistance in data analysis. 
Joseph Erker, Ph.D.  Dr. Erker is a faculty member within the mathematics 
department at Pima Community College, Tucson, Arizona.  Dr. Erker created a 
computer program using MATLAB software to compile the collected sap flux 
readings from the 80 monitored cottonwood tree branches.  He used 
predetermined equations from Kjelgaard et al. (1997) to compute the heat-
balance values based on the 3-point temperature readings (upstream, 
downstream and radial sensors) from the sensored cottonwood tree branches.  
Dr. Erker compiled and graphed the output data for each sensor.  Calculated sap 
flow values and converted the values to ET estimates using allometric scaling 
techniques from Nagler et al. (2007).  A detailed account of this portion of the 
project is located in Chapter VI. Materials and Methods, Sap Flow 
Measurements. 
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PERSONAL CONTRIBUTION 
Due to the experiment’s complexity of design, the entire project required 
combined effort from numerous individuals skilled in different scientific 
disciplines.  I have had the opportunity to participate on most aspects of this 
project.  This opportunity to participate presented to me while I was fulfilling an 
USBR internship, sponsored by Central State University (Wilberforce, Ohio) in 
Blythe, California.  However, my major responsibilities were to work with the 
remotely sensed imagery.  I applied the method of converting vegetation indices 
to ET value estimates, developed by Nagler et al. for MODIS to higher resolution 
TM imagery.  My contribution resulted in a new validating approach between ET 
estimates from a coarse resolution remote sensor system – MODIS to higher 
resolution TM imagery.  My work provided a better spatial perspective of the ET 
values on the Cottonwood tree plot at Cibola.  By confirming the ground-based 
ET values calculated from the heat-balance, sap flux, method with estimates from 
MODIS and TM, this approach may be used in similar applications and future 
studies.   
 
FIELD WORK 
The initial site set-up required approximately 13 individuals working 
congruently on specific tasks.  I was present and assisted in the set-up of field 
equipment during the first 10 days of the experiment.  I assisted in the electrical 
(sensor to multiplexer and data logger) layout configuration for the Dry and Wet 
plot. 
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I helped in construction and assembly of the 40-plus sap flow, heat-
balance sensors.  I was part of the crew that installed the heat-balance sensors 
including insulation on tree branches.  I also assisted in connecting individual sap 
flow sensor thermocouple wiring to the multiplexers and voltage regulators both 
plots.  I participated in the preliminary data collection and consequential 
modification due to erroneous data recordings by way of sensor re-installation 
and thermocouple rewiring.  A detailed account of this portion of the project is 
located in Chapter VI. Materials and Methods, Sap Flow Measurements. 
I assisted in the biometric tree measurements.  I helped to measure the 
height, basal trunk diameter and canopy area of each tree in both plots.  Dr. Erker 
and I determined and recorded the GPS coordinates for both plots and at 
specified points in the surrounding area.  A detailed account of this portion of the 
project is located in Chapter VII. Remotely Sensed Imagery, Biometric Scaling. 
 
DATA ANALYSIS 
As a continuation of my thesis research, I traveled to Tucson, Arizona, in 
late-November of 2005 to mid-December to work with Dr. Nagler and other 
contributors, including Dr. Edward Glenn, Dr. Joseph Erker, Steven Gloss and 
James Robinson at the University of Arizona’s Soil, Water and Environmental 
Science Department, Environmental Research Laboratory.  During this time, we 
aggregated and analyzed field data.  I used the calculated sap flow values and 
converted them to ET estimates using allometric scaling techniques from Nagler 
et al. (2007).  I participated in formulating the biometric ratios from between the 
sub-sample  10 trees’ stem and trunk characteristics.   
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We derived scaling factors for cross sectional area of trunk to cross sectional 
area of branches to calculate sap flow per square meter of canopy cover.   
Leaf area for all trees were determined based on conclusions from the 
gauged leaf weight measurements.  Leaf area required harvest all leaves on 
sensored branches, determining leaf area using the point-intercept method and 
weighing a sub-sample of leaves after being solar dried.  Canopy area of all trees 
was calculated from the October 2004, TM image.  Using imagery supplied by the 
USGS. 
A detailed account of this portion of the project is located in Chapter VI – 
Materials and Methods, Biometric Measurements.   
 
IMAGERY 
My work at the University of Arizona’s Soil, Water and Environmental 
Science Department, Environmental Research Laboratory included processing 
part of the remotely sensed imagery from TM and MODIS.  I worked with James 
Robinson a student worker on MODIS and TM (July 2004) imagery.  I performed 
image-to-image rectification between the two remote sensor systems.  I worked 
with Dr. Nagler to determine canopy area for each tree in both plots (ca. 200) 
based on the July 2004, TM image. 
I contributed in determining the plot level estimates of ET.  I scaled ET 
estimates to whole field using Normalized Difference Vegetation Index (NDVI) or 
Enhanced Vegetation Index (EVI) values measured over the field. 
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Through a contract with Central State University, my thesis advisor, Dr. 
Doyle Watts, provided funds to purchase five additional TM images.  I processed 
the imagery to obtain NDVI reflectance values.  I applied the NDVI reflectance 
values and MODIS to TM scaling factor to a modified form of the MODIS method 
developed by Nagler et al. to calculate ET values for the Cibola cottonwood 
plantation.  A detailed account of this portion of the project is located in Chapter 
VII. Remotely Sensed Imagery.
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VI. MATERIALS AND METHODS 
 
SITE DESCRIPTION 
The cottonwood plantation we studied was located at the Cibola NWR.  In 
2002, the cottonwood trees were planted at the Cibola site from pole plantings.  
Figure 7 is an aerial photograph taken in 2004 by the USBR.  The plantation 
shows bands of red, green, and blue at a 1-foot resolution.  A red arrow denotes 
the plantation dimensions of 200 meters x 400 meters.  There are approximately 
15,000 cottonwood trees on the plot arranged in 50 dense rows with roughly 4-
meter spacing.  The trees are planted within rows of 1 meter spacing; each row 
consisted of 300 trees.  The two study plots were approximately 30 meters X 30 
meters in width. Figure 8a shows a partial row of cottonwood trees from ground 
perspective. 
The field has had a variable history of irrigation that typically occurred bi-
monthly.  The irrigation scheme for the cottonwood plantation was not uniform.  
Water was introduced at the southwest corner.  Due to unrelated factors, no 
irrigation took place during the time of our study.   
Instrument limitations, dictated that trees fitted with sensors had to be 
grouped rather than distributed randomly throughout each plot.  Thus, the 
formation of the two plots; a random group of ten trees from each plot were 
equipped with the heat-balance sensors.  The Wet plot, as it is referred to, was in 
a portion of the field that was reportedly and appeared visually to be well irrigated.  
The Dry Plot, as it as it is referred to, was in a portion of the field that was 
reportedly less irrigated.   
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The Wet plot consisted of 72 trees and measured 35.763 X 31.377 m 
(1122.134 m2).  The Dry plot consisted of 94 trees and measured 28.227 X 
27.007 m (762.308 m2).  Figure 8b shows a schematic display of plot designs and 
irrigation scheme. 
 
Figure 7.  Aerial image at 1-foot resolution (Red-Green-Blue, and color-infrared) 
of the cottonwood plantation and surroundings.  A red arrow marks the plantation.  
Image reprinted by permission of the USBR, October 2004. 
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Figure 8 a and b. Top (a), ground photograph by author of a partial cottonwood 
row; bottom (b), aerial image with plot design overlay (USBR, October 2004). 
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Height was determined by an observer standing approximately 0.91 
meters away and visually projecting a 1.5-meter bar from the ground to the top of 
the tree.  The basal trunk diameters were determined by measuring the basal 
swelling using a metric tape measurer.  We have defined the canopy area as the 
top layer consisting of foliage and branches.  We measured the canopy area 
projected on the ground under the canopy in North-South and East-West 
directions using a metric tape measurer.  We used the formula for an ellipse to 
calculate canopy area.   
 
EXPERIMENTAL DESIGN 
SAP FLOW MEASUREMENTS 
In each plot, we connected sap flow sensors to a common data logger 
station that included multiplexers, and voltage regulators, powered by a 
photovoltaic panel.  Concluding the time of data collection, we collected all 
gauged branches for purposes of the biometric analysis portion of this project.  
We assessed the leaf dry weight and leaf area per branch at the University of 
Arizona, Environmental Research Laboratory, in Tucson, Arizona. 
Solar energy powered the electric field equipment.  The photovoltaic 
arrangement consisted of a solar panel, batteries for energy storage, a solar 
charge controller to protect the batteries from energy overload and electrical 
cable.   
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We used a 96 watt, 12 volt directional current, evergreen solar, solar panel 
(Solar Store, Arizona) and a 10 ampere, 12 volt directional current, low voltage 
disconnect, solar charge controller and UV wire (Morning Star, Pennsylvania).  
We used two 6-volt batteries (Batteries Plus, Arizona) to store energy from solar 
panels.  Figures 9 a and b are photographs of the batteries and solar panel for 
the Wet plot.  
 
Figure 9 a and b.  Top (a), two 6-volt batteries (Wet plot); bottom (b), Evergreen 
solar, solar panel.  Photographs taken by author. 
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 Two complete data logging systems were needed, one system for each 
plot.  A system consisted of a data-logger, two multiplexers, two voltage 
regulators, multi-conductor cable, and a fiberglass enclosure.  We used a CR10X, 
2M, Measurement and Control module and 16-channel, 4-wire relay, and a 
multiplexer for transferring and recording the sap flow, temperature data from the 
sensors.  Each sensor component was sized using 24-gauge wire.  We 
connected the sensor gauges to the data collection equipment with approximately 
2,200 feet of multi-conductor shielded cable.  Figure 10 is a photograph of a plot 
data-logger multiplexer arrangement. 
 
Figure 10.  One data logging system.  Photograph taken by author. 
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Our research team selected a group of ten trees for ET measurements in 
each plot (ca. 20 cottonwood trees).  We visually selected an upper and lower 
branch on each tree to be sensored.  Each branch was selected from the top or 
bottom third of the trunk.  We chose branches based on relatively smooth 
sections free of protuberances as to minimize contact interference between stem 
surface and sensor system.  These 40 branches were fitted with a heat-balance 
sap flow sensor. 
 The construction of sensors and data logging equipment followed 
instructions as described in Kjelgaard et al. (1997).  Sensors were constructed 
using common electrical materials.  The three main components of the sensors 
were heating wires, thermocouple wires, and thermopile wires.  Figures 11a and 
b show the schematic heat-balanced based sap flow gauge design and in-the-
field sensor, branch fitting.   
In this method, a constant source of heat  a heating wire  is wrapped 
around the entire circumference section of a branch.  For our project, we placed 
thermocouples in the stem tissue near the source of heat and at 10-15 
millimeters distances above and below the heating element.  We then placed 
additional thermocouples in the stem and outside the inner insulation layer to 
measure radial heat loss.  To minimize external thermal fluctuations such as solar 
radiation, the gauged stem section was covered with weather-shield foil overtop 
foam insulation.  Figure 12a and b are photographs showing the outer-casing of a 
branch sensor. 
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Figure 11 a and b.  Top (a), a schematic diagram depicting the heat-balanced 
based sap flow gauge design.  Diagram reprinted from Kjelgaard et al. (1997), 
Measuring sap flow with the heat balance approach using constant and variable 
heat inputs (Agricultural and Forest Meteorology).  Bottom (b), a photograph 
showing complete installation of one heat balance sensor on a cottonwood tree 
branch.  Thermocouple wires are blue and green.  Thermopile wire is brown.  
Grounding wires are white.  Heating wire is red (not shown). 
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Figure 12 a and b. Last stage of sensor installation.  Left (a), foam inner 
insulation; right (b), protective weather-shield foil.  Photographs by author. 
 
     
 
 We measured ET by the constant voltage heat-balance method described 
in Kjelgaard et al. (1997).  Methods and calculations followed those used 
previously for cottonwood trees (Nagler et al., 2003).  Temperatures above and 
below the heating element and radial temperatures are compared to 
temperatures measured at the heating element to calculate the stem energy 
balance.  Sensor readings were recorded as temperature output values relative 
to the thermopile for each branch in the direction of up gradient, down gradient, 
and radial.  We assumed that any heat energy not accounted for by the 
thermocouples was dissipated by convection due to the movement of water 
through the stem during transpiration. 
 We used the approach developed and described by Kjelgaard for heat-
balance sap flow results analysis.  We put the temperature (ºC) readings through 
an analysis program created by Dr. Erker using MATLAB, 7.0.1.15, R14 
(Mathworks Inc., Massachusetts).   
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We computed heat transfer rates (J s-1) and then transformed them into sap flux 
rates.  Equation 1 is the general stem energy balance equation used.  Assuming 
nighttime transpiration was negligent, we used only daily transpiration rates.  This 
assumption is based on supporting observations by Snyder et al. (2003) and 
Gazal et al. (2006) that confirm nighttime transpiration is species-specific 
(Populus tremuloides) and describe zero transpiration during the evening hours.  
Therefore, we used the nighttime cottonwood transpiration rates as our base for 
calibration. 
 
  (1) 
 
In this expression, HQ  is heat input; fQ  is convective heat; upQ  and downQ  
are conductive heat (lateral heat transfer); rad
Q
 is radial heat loss.  Equation 2 is 
the conversion of heat energy, in units of Joules sec-1 (J hr-1), to sap flow that was 
used. 
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⎝ ⎠
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In this expression, S, the mass flow, has units of grams per hour (g hr-1).  Night-
time sap flow was normalized to zero as flow was assumed negligible.   
0H f up down radQ Q Q Q Q− − − − =
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 We created graphs with dual axes showing sap flux per branch cross sectional 
area (g hr-1) and normalized (g hr-1 cm-2) as visual aids to support analysis and 
scaling.  Figure 13 is a thermocouple data graph of the upper branch sensor on 
Tree #9 in the Wet plot.  The graph displays a typical diurnal temperature and sap 
flux recorded pattern.  Beginning on August 17, the constant heat input voltage 
was increased from 9 to 10.5.  The abrupt increase in temperature output values 
in Figure 13 reflects the change in voltage. 
 We examined the graphed output to filter out anomalies.  We defined 
outliers as sap flux rates that deviated from consistent diurnal fluctuation patterns 
unique to each sensored branch and therefore, deemed not plausible (sap flux at 
this rate would produce preternatural riparian transpiration rates).  We attributed 
these anomalous values to electrical malfunction, measurement inaccuracies, 
and inclement weather.  Severe heat loading by the heating wire and displayed 
minimal sap flow through the data-recording phase damaged some branches.  
Weather influences, such as lightning strikes, also caused erroneous readings 
because of power fluctuations.  When transpiration rates were critically high, 
signal to noise ratios increased; subsequent data readings became compromised 
with spikes that reflected the ratio amplification. 
Since some of the sensored branches became damaged thereby 
producing abhorrent readings, we only considered branches that provided a 
consistent, reliable series of data during the recording period.  
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 We obtained reliable data from 9 out of the 20 sensored branches in the 
Wet plot and 11 out of 20 branches in the Dry plot.  Although sensor data was 
collected for 45 consecutive days between July 29 and September 12, 2005, we 
limited our analysis of sap flux data to the first 30 days. 
 
Figure 13.  A thermocouple data graph from the upper branch sensor on Tree #9 
in the Wet plot (SigmaPlot, Systat Software Inc., California).  Graph key: Top (a), 
temperature output values representing radial (blue) and conductive heat 
transfers up-gradient (red) and down-gradient (green) linked with heat artificial 
heat source.  Bottom (b), graph of conductive heat energy transformed into sap 
flux (g hr-1) (Eq. 2). 
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BIOMETRIC MEASUREMENTS  
 Two methods, stem census and leaf area, were used to scale ET 
measurements from the branch level to the tree and plot levels.  We used 
biometric measurement methods based on previous biometric studies by Norman 
and Campbell (1991) and modified adaptations developed for vegetation along 
the Lower Colorado River by Nagler et al. (2004). 
For each branch with a sap flow sensor, we measured branch cross 
sectional area and assessed the leaf area:dry weight relationship .  At the end of 
the experiment, we collected all leaves on the branch to determine the leaf area 
product and dry weight of leaves per branch.   
We used the point-intercept method to determine leaf area.  We selected 
this method based on a previous experiment by Nagler et al. (2004) that 
concluded an error range of less than 2% from 1,500-tallied points.  We 
harvested a sub-sample of five leaves from each gauged branch for a total 
collection of 200 leaves.  We placed a single layer of leaves randomly on a 21 cm 
X 28 cm, graph paper having 2700 square grids.  We tallied the gird-line 
intersections that were covered by the leaves.  Then, we dried the leaves in a 
solar drier and weighed them.  Figure 14 is a photograph of one leaf area sample. 
 50 
Figure 14.  Photograph of line intercept cottonwood leaves sample.  This 
technique required the harvesting and quantifying of all leaves from a branch to 
determine the leaf area per branch.  Photograph by author. 
 
 
 
The dry weight per branch value for the plots was similar.  The mean value 
of 0.013 m g dw-1 was used for all sample calculations.  The leaf area:weight ratio 
was both plot leaf samples (P<0.05).  The leaf area at branch level was obtained 
by multiplying leaf area per gram of dry weight (square meters) with leaf dry 
weight per branch (g).  We calculated leaf area per tree by multiplying leaf area 
per branch with the ratio - cross sectional area of trunk to cross sectional area of 
branch.  Leaf area per tree was expressed as leaf area index by dividing leaf area 
per tree by the area of the tree canopy projected onto the ground (measurements 
of canopy diameter in two directions).  We computed plot estimates by multiplying 
mean values for each feature (leaf area and leaf area index) for all trees with the 
fraction of ground covered by the trees.  These measurements are for the tree 
overstory only and do not take into account the leaf area or leaf area index of the 
grass under-story.   
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 We also used a Licor LAI-2000 plant canopy analyzer (Licor, Inc., 
Lincoln, NB) to measure leaf area index for sensored trees in both plots.  We took 
readings as instructed by the Licor manual.  For each surveyed tree, we took a 
reading in all four compass directions.  The instrument measured light disparities 
within a tree’s canopy structure.  The instrument calculates LAI using Beers Law 
(Eq. 5).  The formula describes the exponential behavior of light attenuating as 
leaf area increases with each descending layer within a canopy.   
The instrument software assumes the canopy is uniform in all directions 
above the instrument lens.  A covered view cap on the lens is for non-ideal 
canopies to compensate for light coming from the open sky versus through the 
canopy.  We paced through both plots and, on every third step, took a reading 
using a lens with a 90-degree view cap.   
 
BIOMETRIC SCALING 
 In order to scale sap flow estimates from branch level to whole tree, a 
scaling factor was determined by comparing the cross sectional areas of the 
branches with the cross sectional area of the trunk (estimated from diameter at 
breast height).  Cross sectional area was calculated using the formula for an area 
of a circle.  Our objective was to establish a relationship between trunk cross 
sectional area, determined for all the trees in the plot, and the cross sectional 
area of sensored branches. 
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We selected ten trees from the Wet plot for biometric scaling.  We measured the 
diameter of all the branches within 5 meters above point of diameter 
measurement at breast height, and then measured the diameter of the tree 
trunk’s supporting branches beyond our reach.  We summed the total cross 
sectional area of the branches and compared to the adjusted cross sectional area 
of the trunk.  We used the calculated ratio value to scale sap flow from branches 
to whole trees and whole plots, and to scale leaf area from branches to whole 
trees and whole plots.  For the ten trees, the scaling factor was 1.0.  The 
branches had the same total cross sectional area as the trunks.   
We computed sap flow per square meter of canopy cover by dividing the 
sap flow per tree by the canopy area of the tree projected on the ground.  The 
fractional canopy cover for each plot was determined by dividing total plot area by 
the canopy cover of trees.  We estimated the fraction of ground covered by both 
trees, grass with line intercepts in Wet, and Dry plots.  Four line transects of 25-
30 meters were established in each plot, running diagonally with respect to the 
orientation of tree rows.  The ground area covered by trees or grass was 
recorded along each transect.  We calculated the sap flow for each plot by 
multiplying total canopy cover by sap flow per square meter for each gauged tree.  
We also calculated sap flow per square meter of ground area for each plot by 
multiplying sap flow per square meter of canopy cover by the fraction of canopy 
cover. 
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SCALING ET BY GROUND BIOMETRIC MEASUREMENTS 
 The relationship between cross sectional area of branches and cross 
sectional area of tree trunks was used to scale ET per branch to ET per tree.  To 
determine ET per plot, we multiplied ET per tree by the number of trees per plot.  
To determine ET per square meter of ground area, we divided ET per plot by the 
area of the plot.  ET per unit ground area was collected in units of cubic meters of 
water per square meter of ground area per day (m3 m-2 day-1), but ET is more 
commonly expressed in units of millimeters per day (mm day-1).  By multiplying 
by 1000, we converted m3 m-2 day-1, to mm day-1.  In the leaf area method, we 
determined ET per square meter of leaf area by taking sap flow measurements of 
individual branches and then scaled the results to whole trees and then plots. 
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VII. REMOTELY SENSED IMAGERY 
 
BACKGROUND 
VEGETATION REFLECTANCE 
 Green plants have a unique spectral signature - photosynthetically active 
radiation.  Quantifying the spectral reflectance of plants is way to measure plants’ 
greenness (photosynthetic activity).  Plant growth does not require all 
wavelengths contained in sunlight.  Growing green plants make carbohydrates, 
plant structures, through the process of photosynthesis, which synthesizes 
sunlight, water, and carbon dioxide.  The entire leaf will reflect back 10-30 
percent of all incident radiation.  A plant engaged in high photosynthesis activity 
will appear greener and thicker on a remotely sensed image. 
 Chlorophyll pigment resides in the outer portion of the leaves called the 
palisade.  The palisade absorbs and uses the incident radiation (the amount of 
solar radiation striking a surface per unit of time and area), the visible portion of 
the electromagnetic spectrum, blue (0.45-0.52 µm) and red (0.63-0.69 µm), for 
photosynthesis.  The intermediary area of a leaf cross-section consists of the 
spongy mesophyll cells.  These irregular shaped cells contain large surface areas 
and reflect nearly 60 percent of near infrared (0.75-0.90 µm) wavelengths back 
into the atmosphere (Gibson, 2000).  Plants appear green in color because 
visible-green wavelengths are reflected more than blue or red wavelengths.  
What is not visually detectable is that plants reflect more NIR than green 
wavelengths.  The blue and red wavelengths are absorbed and green far-infrared 
wavelengths penetrate the length. 
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The infrared spectral response allows for vegetation and non-vegetation 
distinction as well as senescence detection through remotely sensed observation.  
When a plant senesces or is stressed, there is a reduction in the chlorophyll 
pigment which produces spectral reflectance changes in both visible and infrared 
wavelengths (Embry and Nothnagel, 1994).  Cell degeneration and alteration 
reduces near infrared reflection and increases visible electromagnetic reflection 
(Gibson and Power, 2000). 
 
VEGETATION INDICES  
 A vegetation index (VI) is the common measurement of biomass intensity 
and density.  This method integrates specific image bands to assist image 
processing and classification.  Quantifying the visible and near-infrared light 
reflected from vegetation is a way to measure plant health or the density of 
greenness.  A vegetation index is a transforming algorithm that quantifies 
reflectance values for every pixel in an image to expresses photosynthetic activity.  
We used three different vegetation indexes characterized by remote sensor type 
and model: the MODIS Vegetation Indicies - Enhanced Vegetation Index [EVI] 
and Normalized Difference Vegetation Index (NDVI) and TM NDVI.  A normalized 
VI numerical range:  (-1) barren to (+1) robust reflects the vegetation health.  
These values represent the utilization of photosynthetically active radiation.  
Temporal composites of mapped vegetation index values can identify and 
observe cyclic vegetation behaviors  growth cycles and periods of stress.  Since 
lower values for VI represent minimal to nonvegetated areas such as water, and 
barren land, negative values are not useful in estimating vegetative properties.  
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For example, the mean NDVI value for dry soil is -0.26 (Sabins, 1997).  The 
MODIS EVI value for the Saharan desert is approximately zero (NASA, Earth 
Observatory, 2001).   
 
PROJECT IMAGERY 
This project utilized imagery from the satellites Landsat 5 Thematic 
Mapper (TM), and Moderate-resolution Imaging Spectroradiometer (MODIS).  
ERDAS Imagine 8.5 software program (Leica Geosystems GIS & Mapping, 
Georgia) was used to process the aerial, TM, and MODIS data.  The original 
raster datasets were converted from .tif files to .img files for use with ERDAS 
software.  Images were acquired from the U.S. Geological Survey EROS Data 
Center (South Dakota).  The imagery was terrain corrected and calibrated to 
ground reflectance. Figure 15 is a mosaic of MODIS EVI and aerial images of the 
LCR area surrounding the Cibola NWR. 
 USBR provided a one-foot resolution, 3-band digital image acquired by an 
aircraft in 2004.  
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Figure 15. This image of LRC region was created by superimposing aerial (RBG) 
photography (USBR) onto MODIS EVI (October 2004, Lower Colorado River, 
including Cibola NWR).  The region of interest  the Cibola NWR  is highlighted 
in red.  
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LANDSAT 5 THEMATIC MAPPER (TM) 
 Launched in March 1984, TM is the fifth satellite in the Landsat Program, a 
joint effort between USGS and the United States National Aeronautics & Space 
Administration (NASA).  This satellite includes the Earth observation sensor - 
Thematic Mapper (TM) that is currently in operation but can no longer acquire 
images for transmission.   
The TM satellite images the Earth’s surface in a series of scenes 
partitioned into paths (assigned sequential numbers from east to west) and rows 
(latitudinal center line) having dimensions of 184 X 172 kilometers; path and row 
boundaries overlap.  Table 2 contains the TM band spectral arrangement.  Image 
resolution is 30 meters and ground swath is 185 kilometers.  The circular, sun-
synchronous, near-polar orbit operates at an altitude of 705 kilometers.  The 
satellite has a 16-day global coverage cycle.  We used the TM imagery 
vegetation index product  Normalized Difference Vegetation Index (NDVI).  
NIR - Red
NIR + Red
NDVI =  (3) 
 
Figure 16 is a representation of TM and row, grid map.  The Cibola NWR 
is located in Path 38, Row 36.  The pixel coverage for our study site consisted of 
approximately 80 pixels and did not include border pixels where the plantation 
was not dominant (< 80%).   
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Table 2.  TM spectral band characteristics.  Table modified from The Land 
Processes Distributed Active Archive Center, NASA, 2006. 
 
 Spectral Sensitivity (µm) Electromagnetic Range Resolution (m) 
    
Band 1 0.45 -0.52 Visible blue 30 
Band 2 0.53 – 0.61 Visible green 30 
Band 3 0.63 – 0.69 Visible red 30 
Band 4 0.78 – 0.90 Near-infrared (NIR) 30 
Band 5 1.55 – 1.75 Middle-infrared (MIR) 30 
Band 6 10.4 – 12.5 Thermal-infrared (TIR) 120 
Band 7 2.09 – 2.35 Middle-infrared (MIR) 30 
 
Figure 16.  TM path and row map of Arizona.  Image from University of Arizona, 
Arizona Regional Image Archive. 
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MODIS 
The Moderate-resolution Imaging Spectroradiometer (MODIS) is one of 
five sensors operating on NASA’s Terra (EOS AM-1) satellite.  Launched in 
December 1999, the goal of Terra is to acquire a 15-year observation of global 
environmental changes.  The MODIS sensor is responsible for monitoring 
vegetative photosynthetic activity.  The Terra’s sun-synchronous, near-polar, 
circular orbit circles the globe more than 14 times a day at an altitude of 705 
kilometers.  The MODIS swath dimension along nadir is 10 kilometers.  MODIS 
uses 36 co-registered spectral bands to image the earth’s surface every one to 
two days.  For bands 1 and 2, it has a resolution of 250 meters; bands 3-7 have a 
resolution of 500 meters.  Table 3 shows the MODIS, land related, spectral 
arrangement.   
Table 3.  MODIS land spectral band characteristics.  Table modified from The 
Land Processes Distributed Active Archive Center, NASA, 2006. 
 
 
Spectral   Sensitivity 
(nm) 
Electromagnetic    
Range 
Resolution 
(km) 
Band 1 620 - 670 Visible red 250 
Band 2 841 – 876 Visible NIR 250 
Band 3 459 - 479 Visible blue 500 
Band 4 545 – 565 Visible green 500 
Band 5 1230 - 1250 Thermal-infrared (MIR) 500 
Band 6 1628 - 1652 Thermal-infrared (TIR) 500 
Band 7 2105 - 2155 Middle-infrared (MIR) 500 
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Two products of MODIS imagery are the indices of vegetation  
Normalized Difference Vegetation Index (NDVI) and the Enhanced Vegetation 
Index (EVI).  It provides a measure of the amount of green biomass on the 
ground, since leaves absorb nearly all of the incoming Red in chlorophyll and 
reflect nearly all of the incoming near infrared (NIR) bands.  NDVI is calculated 
from the Red (B1) and NIR bands (B2).   
Equation 4 shows the formula used to obtain MODIS EVI values.  The 
coefficients C1 and C2 correct for aerosol resistance, which uses the blue band to 
correct for aerosol influences in the red band.  C1 and C2 have been set at 6 and 
7.5, while G is a gain factor (set at 2.5) and L is a canopy background adjustment 
(set at 1.0).  MODIS Terra surface reflectance products (MOD09) correct for 
molecular scattering, ozone absorption, and aerosols (The Land Processes 
Distributed Active Archive Center, NASA). 
 
1 2
NIR - Red
NIR Red Blue L
EVI G
C C
⎡ ⎤
= ⎢ ⎥+ • + • +⎣ ⎦
  (4) 
 
The Cibola National Wildlife Refuge is located within Path 38, Row 37.  A 
single MODIS pixel was selected for investigation.  Since MODIS pixels cover a 
large expanse of area (250 m resolution), 60% of the cottonwood plantation was 
enclosed in the selected pixel.  Figure 17 is the MOIDS pixel, acquired July 2005, 
of the cottonwood plantation.  The investigated area within the pixel was centered 
at a latitude, longitude coordinate of 33.750165, -114.678621.   
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At the time of study, areas surrounding the plantation constituted approximately 
20% of the pixel.  These areas included abandoned fields (sparsely vegetated) to 
the North, East and West, and one alfalfa field to the South.  The values for NDVI 
and EVI were determined for the selected pixel.   
 
Figure 17.  July 2005 MODIS image subset.  Pixel investigated in this study is 
highlighted in red.  The cottonwood field occupied approximately 60% of the pixel. 
 
 
 
INTER-CONVERSION OF TM AND MODIS 
We decided an additional objective that would prove beneficial for further 
studies was to observe, via remote sensing, the phenological cycle of the 
cottonwood trees at Cibola.  The USBR uses only four images per year to capture 
cropping patterns (Milliken, personal communication, 2006).   
Our plan was to provide a more comprehensive examination of the trees’ 
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development and response to seasonal changes.  To obtain a spectrally derived 
ET estimate, we acquired seven TM terrain corrected images of the Cibola 
Wildlife area, from 2005, to determine the NDVI associated with the cottonwood 
growing cycle.  Our research team digitally processed satellite imagery to yield an 
ET estimate for an entire growth season.  I produced cottonwood plot level ET 
estimates of the Cibola NWR site using TM NDVI* reflectance (NDVI*ref) values 
and one MODIS EVI* value.  The final product was the conversion NDVI from TM 
images to ET values.  We compared ET estimates from MODIS, TM, and ground, 
sap flux results. 
Five 16-day MODIS images, acquired during the time of experiment, were 
used.  Dr. Nagler acquired MODIS imagery.  We used eight Landsat 5 TM 
images of the Cibola Wildlife area.  USBR provided one by of the eight TM 
images used (July 11, 2004, Jeff Milliken).  Dr. D. Watts of Wright State 
University purchased seven of the images in cooperation with Central State 
University, the lead institution in the Alliance Universities.  The dates of image 
acquisition in 2005 were: April, 16; May 19; June 3; July 18, August 6; September 
7; and October 9.  Both sets of imagery were processed using ERDAS Imagine 
8.5 software program.   
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ET ESTIMATES USING MODIS EVI 
 The basis for the formula I used to derive ET for the cottonwood at Cibola 
NWR came from two recent studies done by Nagler et al. (2005a, b) for several 
riparian Southwestern communities.  This project focused on riparian areas 
neighboring three rivers, - the San Pedro, Middle Rio Grande and Lower 
Colorado Rivers.  Nagler’s previous studies (Nagler et al., 2005 a, b) 
demonstrated that ET values can be obtained from two independent parameters 
MODIS EVI* and ground meteorological data.  The parameters when combined 
create a predictive algorithm, a regression equation for ET (Eq. 9).  Data from 
nine eddy covariance and Bowen ratio flux towers validated the ET estimates 
derived using the algorithm (2005, b: r2=0.82).  Regression analysis produced a 
multivariate formula incorporating temperature and a scaled EVI value.  
The MODIS EVI values for the study locations and surrounding areas were 
normalized to range between 0 and 1 representing minimum and maximum 
values, respectively.  The minimum EVI and maximum EVI values used to 
calculate EVI* were 0.091 and 0.542; these values came from the study site 
where Nagler et al. derived the predictive ET formula (2005b).  Equation (5) 
shows the equation used to scale EVI values.   
 
( )
( )
max
max min
* 1
EVI EVI
EVI
EVI EVI
−
= −
−       (5) 
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 The study experimented with ET as a function of EVI* and daily maximum 
ambient temperatures (Ta) separately.  Early research by Choudhury et al. (1994) 
examined the use of a scaled vegetation index values.  Nagler et al. (2005b) 
findings supported Choudhury et al. showing that a linear relationship exists 
between ET and net radiation absorbed by a canopy and leaf area index (LAI).  
Nagler et al. asserted that the formula describing light absorption by the canopy 
and closely resembles the characteristics in the MODIS EVI product (i.e., incident 
light intercepted by a canopy (IRs)) (Monteith and Unsworth, 1990; Nagler, 
2005b).  Nagler et al. modified the original formula, replacing LAI with EVI* (Eq. 
6).  The fraction of intercepted solar radition (fIRs) represents the fraction of light 
intercepted by the canopy.  The coefficient k, in the original formula, quantifies 
the leaf spectral properties and angles within the canopy.  The modified formula 
uses b a coefficient is from the regression equation between ET estimates from 
tower data and MODIS EVI* (Eq. 7). 
 
( )1 kLAIfIRs e−= −         (6) 
 
( )*( ) 1 bEVIEVI ET e−= −       (7) 
 
 The second exponential expression reflects the relationship between ET 
estimates and daily maximum ambient temperatures (Ta) (Eq.8).  The logistical 
curve represents a temperature range for which ET rates are positive.  Nagler et 
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al. (2004) determined that ET was dependent on Ta (r
2=0.62) when Ta is greater 
than 15°C but lower than 35°C.  The physiological characteristic in leaves resists 
ET activity at temperatures greater than 35°C (Monteith and Unsworth, 1990).   
 
( )( )/( ) 1 aT d eaT ET e− −= +       (8) 
 
The best fit equation that related site-specific maximum daily temperatures and 
EVI* values associated with the cottonwood plantation were of the form: 
 
( )1 * ( )/ )(  ) 1 e (1 e )a
bEVI
T d e
cET mmday a f− − − −
⎡ ⎤⎛ ⎞
= − +⎢ ⎥⎜ ⎟+⎝ ⎠⎣ ⎦    (9) 
 
Based on the best-fit equation, a  and e  are standard regression coefficients, 
parameter values.  The coefficient f represents the mean value of ET (1.07) when 
EVI* approaches zero or when Ta is minimum (15°C <) (Nagler, 2005 b). 
The ET rates calculated by Nagler et al. (2005a, b) using MODIS imagery 
were verified by ground measurements (r2 > 0.80 for 2005a, and r2 > 0.82 for 
2005b).  I used the empirical formula to work with Landsat 5 TM imagery.  The 
final predictive formula for ET at the Cibola NWR cottonwood plantation used 
Landsat 5 TM, NDVI*ref values instead of MODIS EVI* values. 
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( )1 1.63 * ( 27.9)/2.57)0.883(  ) 11.51 e 1.07(1 e )a
EVI
TET mmday
− −
− −
⎡ ⎤⎛ ⎞
= − +⎢ ⎥⎜ ⎟+⎝ ⎠⎣ ⎦
  (10) 
 
 
TEMPERATURE DATA 
 I collected temperature (Ta) data from January 2000 to December 2005 
and used the values in the ET algorithm (Eq. 9).  Data was acquired from the 
Cibola Station meteorological station monitored by MesoWest – a NOAA 
cooperative with the University of Utah, Department of Meteorology, and the 
Arizona Meteorological Network (AZMET) Parker Station.  I collected maximum 
daily air temperatures, in °C, from the Cibola Station (latitude, longitude: 33.3039º 
/ 114.6933º) and Parker Station (latitude, longitude: 33.882778º, 114.447778º).   
The Parker station was located within 10 km of the cottonwood field.  Dr. Paul 
Brown, an AZMET director at the University of Arizona, confirmed compatibility 
between the two weather stations meteorological data sets (Glenn, personal 
communication).  I selected maximum daily air temperatures that approximated 
the date of image acquisition.  I collected monthly potential evapotranspiration 
(ET0) averages for the years 2001 to 2005 from the Parker Station.  The ETo 
represents the maximum ET estimate for a reference grass crop.  .  See 
Appendix A - Daily Maximum Temperature  and ETo Averages.   
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LANDSAT 5 TM DIGITAL NUMBER TO REFLECTANCE CONVERSION 
The original image values from the TM images were raw digital numbers.  
Satellite sensors convert transferred radiation into digital form.  The digital 
numbers represent the rate of energy (per unit wavelength) transferred from per 
square meter of ground surface to the recording satellite sensor.  Each digital 
value is stored as a number which lies between a quantization range of 0 
(minimum radiation) to 255 (maximum radiation).  Reflectance corresponds to the 
ratio of up-welling to down-welling radiation.   
The process of preparing and converting NDVIDN to NDVIref required a 
preparation process that included layer stacking spectral bands, sub-setting 
images and then creating area-of-interests (ERDAS IMAGINE, V8.5).   
First, I created a false-color composite of each image.  The false-color 
composite consisted of the visible green (B2), red (B3) and NIR (B4) bands.  I 
identified and isolated the cottonwood field and using a polygon area of interest 
(AOI).  The geometric measurements for the 8 AOIs were determined and 
recorded.  I recorded the digital number for each pixel within each image’s area-
of-interest by accessing the utility/info accessory.  
I used the Imagine - The Spectral Enhancement > Indices >NDVI - 
function to calculate NDVI for all TM imagery.  The following formula is for TM 
NDVI :  NDVI = TM4 - TM3/TM4+TM3.  Figures 18, and 19a and b are screen 
snapshots of the image processing. 
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Figure 18.  A screen snapshot of the May 19, 2005, TM false-color composite (B2, 
B3, and B4) of the Cibola NWR and region.  Cottonwood field is highlighted.  
(ERDAS IMAGINE, V8.5)  
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Figure 19 a and b. Top (a), A screen snapshot of the May 19, 2005, TM image 
subset with AOI highlighted.  Cottonwood field is highlighted; bottom (b), a screen 
snapshot of the May 19, 2005, TM image; cottonwood field AOI geometric 
assessment (ERDAS IMAGINE, V8.5). 
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NDVI based on digital number values (NDVIDN) are not equivalent to NDVI 
based on reflectance values (NDVIref).  The main difference between the two is 
that DN values are based on the amount of light energy in each band reaching 
the sensors.  Reflectance is based on the fraction of incident light that is reflected 
back to the sensor (USGS, 2001).  On a mole-photon basis, incident light is about 
the same for red and NIR.  However, red wavelengths contain more energy than 
NIR per mole of photons because of its shorter wavelength.  Therefore, the 
sensors “see” more red than NIR based on sensor gain values when reflectance 
values for red and NIR are equal.  
I derived a linear conversion equation for converting TM NDVIDN values to 
NDVIref values.  I plotted data from 6 - Landsat images (five years of Landsat 5 
TM 1992, 1994, 1996, 1997, and 1998 and one year (2002) of Landsat 7 ETM+ 
imagery) of the delta of the LCR for which both reflectance and digital number 
values were available (EarthSat, Inc., MDA Federal Incorporated, MD).  Digital 
number values for each pixel were recorded using the “statistics” display in 
ERDAS Imagine 8.5.  I picked areas of pure water and pure soil to co-plot with 
the other points.  This approach is an empirical way to convert NDVI values and 
requires no assumptions about the data because all the data used comes from 
the same geographical area.  Figure 20 is a Microsoft Excel graph displaying the 
quadratic relationship between digital number and reflectance.  The data exhibits 
a high degree of collinearity NDVIs (r2 = 0.9988).  Equation (11) is the resultant 
linear equation.   
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Figure 20.  Plot comparison between the TM sensor system NDVI reflectance 
and digital number values for six years (Microsoft Excel, 2003).   
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 Using Equation 11, I converted the NDVIDN pixels for the cottonwood field, 
TM images into NDVIref.   
 
20.28( ) 0.918 0.1808ref DN DNNDVI NDVI NDVI= − + +  (11) 
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TM NDVIREF TO MODIS EVI CONVERSION 
The application of the ET formula from Nagler et al. could not be scaled 
directly from the 2005 TM NDVI pixel-digital number values.  One of the problems 
in applying ET algorithms is that sensor systems are different in mechanical 
design and each system’s unique vegetation index needs to be inter-calibrated. 
Furthermore, even the same VI might differ between satellite sensor systems due 
to different band windows and other differences among sensors.   
I used an empirical approach to calibrate the Landsat 5 TM data to the 
MODIS data for the cottonwood field to get the maximum goodness of fit between 
the data sets.  We assumed, based on long-supported data, that NDVIref was the 
same for TM and MODIS.  The inter-calibration of vegetation indices from various 
sensor systems has been extensively assessed (Nagler et al., 2001, Steven et al., 
2003).  A recent study by Brown et al. (2006) investigated in the inter-comparison 
of NDVI quality between various sensors including MODIS and Landsat 5 TM.  
The authors reported that NDVI values from the 16-day MODIS data were within 
plus or minus one standard deviation from averaged TM values.  Both scaled 
vegetation indexes (EVI* and NDVI*) values were needed in order to regress and 
inter-correlate both MODIS and TM pixel values; the vegetation indexes were 
inter-calibrated.  As the inter-conversion suggests, we were now able to use both 
TM and MODIS to obtain ET estimates.  We then applied the regression to find 
EVI* for the TM pixels and calculated ET for the TM using the ET formula. 
 
 74 
After the calculating NDVI ref values, I compared the NDVI values for the 
field over the 8 images.  NDVIref by TM averaged 0.533 (SEM = 0.35) and by 
MODIS NDVI ref 0.561 (SEM = 0.047), not significantly different (r
2 = 0.72).  In 
making the comparison, I averaged between two MODIS images when the TM 5 
acquisition date fell between two MODIS acquisition dates (16-day composites).  
This conversion approach was an empirical one that required an intermediate 
step; had I converted the TM NDVI* ref directly to MODIS EVI* I may have 
introduced errors due to incorporation of different values.  
I regressed 6 years of MODIS imagery data from (01/2002 through 
12/2005, 16-day interval).  MODIS NDVIref values were regressed against EVI* 
(scaled EVI) for those same MODIS pixels, all of which contained Cibola NWR 
cottonwood plantation area.  Kamel Didian (personal communication), MODIS 
Research Scientist at the University of Arizona, normalized the MODIS EVI 
values to range between 0 and 1 representing minimum and maximum values, 
respectively.  Equation (6) shows the equation used to calculate EVI* values.  For 
reason of compatibility with the principal ET formula (Eq. 10), scaled EVI 
maximum and minimum values were set based on values from the San Pedro 
River, the Middle Rio Grande and the Lower Colorado River study.  I compared 
MODIS NDVI values to MODIS EVI values at the Cibola cottonwood site for the 
years 2000-2005.  The regression produced a line of best fit by curvilinear 
regression (Microsoft Office Excel, 2003).  This approach showed that MODIS 
NDVI and MODIS EVI* were closely related (r2 = 0.8796).  Figure 21 is a 
Microsoft Excel graph of the two dimensional data set.  Each data point 
represents a 16-day interval composite of MODIS NDVI and EVI* from the data 
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set spanning the five years.  To retain the compatibility and reliability of Equation  
10, the principal formula for calculating ET estimates, I used Equation 12 to 
convert TM NDVIref values to EVI*.  Equation (11) is the best-fit equation.  
 
2* 2.11442( ) 0.2411( ) 0.0223ref refEVI NDVI NDVI= + −       (12) 
 
 
Figure 21.  Exponential plot of MODIS NDVI versus Scaled EVI.  Data set from 
MODIS, single-pixel NDVI and EVI for the site from 2000-2005. 
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VIII. RESULTS 
 
BIOMETRIC MEASUREMENTS AND SCALING 
To compare the two plots’ biometric results, I used the Mann-Whitney 
statistical test, (Minitab® Statistical Software) instead of the more typical T-test.  
This is because the t-test procedure is based upon the assumption of normal 
sample distribution; however, our data contained an atypical distribution.  The 
Man-Whitney test does not assume a particular distribution of data.  Figure 22 is 
probability plot showing the irregular population distribution within the basal 
cross-sectional area parameter.   
 
Figure 22.  Probability plot of trunk cross sectional area of both plot. 
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Table 4 shows the gauged branch diameter data ranging between 5 and 
15 mm.  The basal trunk diameters, at breast height, ranged between 5 and 10 
centimeters.  The height measurements between the plots differed.  At the time of 
our study, the height of the cottonwood trees ranged between 6 and 9 meters.  
Table 5 contains the eight measurements.  The Dry plot trees were shorter on 
average; the median height was 5.03 meters and 6.25 meters for the Wet plot.  
The standard deviations of tree height, for each plot, were diminutive, 0.68 and 
0.44, respectively.   
The canopy area of the 20 sampled trees ranged between 2.6 and 14.45 
square meters.  The Wet plot had greater variation in canopy area than dry plot.  
Table 6 shows the calculated canopy area values for both plots.  Trees in the Dry 
plot, overall, had lower canopy cover.  The median canopy cover for the Dry plot 
was 6.66 meters and 9.05 meters for the Wet plot with a standard deviation of 
1.86 and 3.87, respectively.  In our 10-sample population, statistical analysis 
produced a significant level, p-value of 0.1620 supporting a null hypothesis; the 
two data sets were similar.   
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Table 4.  Sensored branch diameter measurements for both plots. 
Dry Plot   Wet Plot 
Branch Diameter (cm)   Branch Diameter (cm)
2.834   11L 0.708 1L 
1H 0.636   11H 2.269 
2L 3.799   12L 0.708  
2H 1.766   12H 0.502  
3L 1.766   13L 0.385  
3H 1.227   13H 1.886  
4L 2.543   14L 1.130  
4H 1.766   14H 1.038 
5L 0.950   15L 0.950 
5H 0.636   15H 0.785 
6L 0.502   16L 2.985 
6H 1.327   16H 0.708  
7L 0.708   17L 1.766  
7H 2.010   17H 3.140  
8L 0.385   18L 0.636  
8H 1.539   18H 1.766  
9L 7.065   19L 0.567  
9H 1.038   9H 2.010  
10L 1.431   20L 1.650  
10H 0.785    20H 1.766  
Average 1.736 Average 1.368
Standard Deviation 1.521 Standard Deviation 0.817
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Table 5.  Tree height measurements. 
Dry Plot   Height (m)
1 5.18 
2 5.49 
3 3.96 
4 4.88 
5 5.49 
6 5.79 
7 4.57 
8 3.96 
9 5.49 
10 4.27 
Average 4.91 
Standard Deviation 0.68 
Wet Plot         
11 5.79 
12 6.71 
13 6.10 
14 6.10 
15 5.49 
16 6.71 
17 6.40 
18 6.71 
19 6.40 
20 5.79 
Average 6.22 
Standard Deviation 0.44 
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Table 6.  Data for tree canopy (ground projected) area. 
Dry Plot  Width, N-S (m)  Width E-W (m)    Canopy Area (m2) 
1 2.51 3.03 6.02 
2 2.79 3.26 7.18 
3 3.57 3.45 9.67 
4 3.06 2.97 7.14 
5 2.46 2.59 5.00 
6 2.98 2.90 6.79 
7 2.08 2.98 5.02 
8 1.84 2.40 3.53 
9 3.00 2.77 6.53 
10 3.20 3.60 9.07 
Average 2.75 3.00 6.60 
Standard Deviation 0.53 0.37 1.86 
Wet Plot    
11 1.87 1.77 2.60 
12 3.00 2.93 6.90 
13 4.10 4.06 13.07 
14 3.74 3.90 11.46 
15 2.70 3.00 6.38 
16 4.13 4.05 13.13 
17 2.90 4.10 9.62 
18 2.80 2.77 6.09 
19 4.08 4.50 14.45 
20 3.10 2.80 6.83 
Average 3.24 3.39 9.05 
Standard Deviation 0.75 0.86 3.87 
( )1 2 / a aπ=(Ellipse)Area   4  
 
An under-story of Bermuda grass delimited the trees.  During the time of 
data collection, the grass was in poor health and was characterized as yellow and 
diminished most likely as a result from reduced light availability coinciding with 
maximum-growth of leaf cover and dry soil conditions.  Calculated tree coverage 
in percent for the Dry plot and Wet plot was 69% and 31%, respectively (P <0.05).   
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Our study used a select sample of 10 trees to determine if a total branch 
cross-sectional area was proportional to basal cross sectional area.  Tree #3 was 
excluded from consideration due to its abnormal branch cross sectional area 
summation.  Similarity was confirmed between the basal cross sectional area and 
summation of all branch cross sectional areas for each tree.  Analysis between 
the two characteristics produced a ratio near one (Table 7).   
 
Table 7.  Biometric scaling: branch cross-sectional area versus trunk cross-
sectional area.  
 
Sample Total Branch CSA (m2) Total Trunk CSA (m2) Ratio 
    
1 0.481 0.522 0.9215 
2 0.478 0.51 0.9373 
*3 2.862 0.518 5.5251 
4 0.492 0.526 0.9354 
5 0.688 0.532 1.2932 
6 0.264 0.444 0.5946 
7 0.378 0.447 0.8456 
8 0.424 0.219 1.9361 
9 0.807 0.436 1.8509 
10 0.871 0.631 1.3803 
Average       0.5426 0.4741  1.1883 
Standard Deviation     .2030 0.1131  0.4629 
*Average and standard deviation calculations do not include Tree #3 values. 
 
 We calculated the leaf area index using biometric measurements and 
canopy cover estimates.  Calculated leaf area indexes were Dry plot – 3.1 and 
Wet plot – 3.8.  The results from the Licor LAI-2000 survey were Dry plot – 1.2 
(σ=0.4) and Wet plot – 0.7 (σ =0.2).  Values from the Licor LAI-2000 were smaller 
due to irregular spacing between both column and row of each plot.   
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The Licor LAI-2000 plant canopy analyzer leaf area index calculations are based 
on an assumption of perfect symmetry. 
Overall, the trees in the Dry plot were conspicuously smaller in stature and 
biometric measurements.  The Wet plot trees were larger in both height and 
canopy cover than Dry plot trees. 
 
SAP FLOW 
We based our calculated flux rates and ET estimates on readings from 
reliable sap flux, heat-balance sensor branches.  In investigating the integrity of 
output flux values for each sensor, only 18 provided consistent, predictable 
readings within 30 of the 45-day study period.  Thus, the sap flow results 
presented in our report come from good quality data.  Figure 23 shows plots of 
mean daily sap flow values, recorded by the 18 sensored branches (both plots) 
considered reliable, along with potential ET (ETo) calculated from weather 
readings at AZMET Parker Station from July 29 through August 27, 2005.  ET 
estimates for the Wet plot exceeded the ETo.  This unexpected behavior is likely 
the result of variance in weather occurrences between the locations.  The AZMET 
station is approximately 20 km from Cibola NWR.  Weather conditions such as 
summer monsoons on near the Cibola NWR area would affect calculated ET 
estimates. Overall, the graph is a visual confirmation that the sap flow rates 
followed the ET pattern and thus, proved to be reliable data.   
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Figure 23.  Graph of mean daily sap flow values for both plots compared with 
potential ET (ET0) determined by the AZMET Parker Station from July 29 through 
August 27, 2005.   
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 Table 8 shows sap flux averages, from the first 30 days of sensor data 
collection (July 29-August 27, 2005).  The averages were used for scaling ET 
from branch level to whole field.  The mean daily, midday sap flow rates per 
sensored branch for both plots were comparable (P>0.05).  The mean midday 
sap flow rates per sensored branch for the Dry plot was 57.8 g hr -1 and 56.3 g hr 
-1 for the Wet plot.  The sap flow values at branch level for both plots were similar.  
Except for at branch level, ET rates in the Dry plot for the three other parameters 
(leaf area, canopy cover, and tree) were significantly lower than that of the Wet 
plot.   
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Table 8.  Average sap flow values per branch (g hr -1) for both plots (Dry: 1L – 10H; 
Wet: 11L – 18L).  Average values represent data recorded from the first 30 days 
of sensor data collection (July 29-August 27, 2005).    
 
Branch Sap Flow (g hr -1)  Branch Sap Flow (g hr -1)
1L 32.589    
2L 100.856    
2H 65.982    
3L 23.600  11L 28.414
4H 35.455  12H 136.862
6L 39.938  13L 117.347
6H 119.463  13H 53.159
7L 53.555  14H 29.605
9L 100.572  15L 24.996
10L 38.993  16L 35.004
10H 25.232  18L 25.324
Average 57.840  Average 56.339
Standard Deviation 34.071  Standard Deviation 44.897
 
The overall diurnal cycle observed at our site concur with results from 
previous studies by Nagler et al. (2003).  We saw significant differences in sap 
flow when comparing total sap flow based on canopy and plot area.  Table 9 is 
summary table of sap flux values for both plots.  The estimated sap flow for the 
entire Dry plot was lower (6.3 mm day -1) than the Wet plot’s area (11.2 mm  
day-1).  The mean estimated ET value using the heat-balance sap flow sensors 
was 8.75 mm day -1. 
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Table 9.  Sap flux results summary; standard deviations and sample populations 
are in parentheses.  Sample population was based on 18 sensors except leaf 
area (n = 16). 
 
Sap Flux Mean 
(mm3/m2 CSA/ day) 
Dry Plot Wet Plot 
Per branch  9.33 (6.92) 22.57 (29.00) 
Leaf area 1.86 (1.37) 3.60 (5.01) 
Canopy cover  8.9 (7.3) 16.7 (23.1) 
Per tree 60.7 (44.3) 126.2 (168.9) 
 
ET ESTIMATES FROM REMOTELY SENSED IMAGERY 
The inter-calibration of vegetation indices TM NDVIref to EVI* produced 
mean ET estimates between 6 and 10 mm day -1 at the height of their 
phonological cycle.  The remotely sensed derived ET estimates are congruent 
with the ground, sap flux measurements.  Within the period of the ground, sap 
flux measurement, the mean ET value for the cottonwood plantation, using 
MODIS imagery, was 6.8 mm day -1.  Using TM imagery the mean ET value was 
6.4 mm day-1.   
The results of 2005 TM, NDVIref conversion to EVI* and ET rates (mm  
day-1) for the cottonwood plantation, Cibola NWR, are shown in Table 10.  Data 
and calculations, in MS-Excel spreadsheets, are in Appendix B – E.  Table 11 
shows the 6-year MODIS ET estimates.  
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Table 10.  TM ET estimates for Cibola NWR, cottonwood plot. 
 NDVIref EVI*
     ET 
(mm day -1) 
Jul. 2004 0.544 0.733 8.09 
Apr. 2005 0.388 0.326 5.26 
May  2005 0.408 0.404 6.97 
Jun. 2005 0.404 0.774 8.35 
Jul. 2005 0.592 0.696 7.96 
Aug. 2005 0.474 0.530 6.94 
Sep. 2005 0.448 0.462 6.45 
Oct. 2005 0.240 0.189 3.76 
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Table 11.  MODIS ET estimates for Cibola NWR, cottonwood plot.  
   EVI* 
     ET 
(mm day -1) 
7/11/2004 0.341 7.062 
7/27/2004 0.767 10.310 
4/7/2005 0.450 3.983 
4/23/2005 0.371 5.905 
5/9/2005 0.458 6.247 
5/25/2005 0.405 7.749 
6/10/2005 0.493 8.519 
6/26/2005 0.545 9.192 
7/12/2005 0.352 7.251 
7/28/2005 0.726 10.178 
8/13/2005 0.453 8.422 
8/29/2005 0.466 8.577 
9/14/2005 0.431 8.201 
9/30/2005 0.567 9.229 
10/16/2005 0.458 8.035 
11/1/2005 0.278 3.809 
11/17/2005 0.359 3.974 
12/3/2005 0.499 2.767 
12/19/2005 0.250 1.173 
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The MODIS EVI based ET estimates for the cottonwood stand coincided 
with values measured by the sap flow heat-balance method and TM NDVI*.  The 
eight TM images used in this study produced ET rates in close proximity to ET 
rates by MODIS EVI.  The ET estimates drawn from the remotely sensed imagery 
and ground measurements correlate with past (2002-2006) MODIS ET estimates.  
The yearly MODIS ET and EVI* shown in Figure 24 was punctuated with spikes 
that coincided with seasonal changes, while overall the trend increased in slope 
due to the growth of the cottonwood trees.  Figure 25 shows MODIS ET 
estimates versus ET0 from the AZMET Parker station.  The MODIS estimates 
followed the ET0 trend for the years 2001 -2005.  Potential ET quantifies 
environmental conditions (i.e., solar radiation, humidity) that influence the ET 
process.  Correlation between the two data sets confirms the reliability of MODIS 
ET estimates for the Cibola NWR region. 
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Figure 24.  Graphical image showing remotely sensed (MODIS, TM) and ground 
measured ET estimates for the cottonwood plantation, Cibola NWR, from 2002-
2006 (SigmaPlot, Systat Software Inc., California).  Yearly temperature trend 
includes for seasonal reference.  
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Based on the July 2005 TM image, the mean ET value, which included 
values from both plots, was 7.96 mm day-1.  Figure 25 shows a contour plot of ET 
distribution in the cottonwood plantation. 
 
Figure 25.  MS Excel, 2001 through 2005, graph of average monthly ET0 values 
from the AZMET Parker Station, and MODIS derived ET values for the 
cottonwood plantation, Cibola NWR .    
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Figure 26.  Contour plot of TM NDVI derived (July 2005) ET distribution at the 
cottonwood plantation (SigmaPlot, Systat Software Inc., California).  Plot created 
by Dr. E. Glenn, University of Arizona. 
 
 
 
The ET estimates derived from both ground and remotely sensed methods 
yielded less then 10% variance in mean values.  Table 12 shows the ET 
estimates for the ground, MODIS and TM.  Heat-balance method ET estimates 
represent  the time-period  - July 29 through August 27, 2005, MODIS EVI* ET  
time-period - May 9 through October 16, 2005, and TM NDVIREF ET time-period - 
April 19 through October 9, 2007. 
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Table12.  ET estimate summary for heat-balance, sap flow method, MODIS 
EVI*, .and TM NDVI. 
 
 
Heat-
balance 
Method 
MODIS 
EVI* 
TM 
NDVI 
ET rates 
(mm/day) 7.9 6.8 7.2 
Standard Error 0.2 0.5 0.6 
Total Observations 
(n) 
18 sensors 11 images 8 images 
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X. DISCUSSION and CONCLUSION 
 
 Previous studies, in support of restoration programs, have observed and 
compared water consumption by native southwestern vegetation such as the 
Freemont cottonwood.  In this study, the ET rates for 20 Freemont cottonwood 
trees from an 8 ha plot at Cibola National Wildlife Refuge, Cibola, Arizona, were 
monitored over a 30-day period.  We estimated ET rates by measuring sap flow 
and MODIS and TM satellite imagery.   
 
BIOMETRIC MEASUREMENTS 
 Juvenile trees like those such as the cottonwood trees at Cibola NWR are 
inferred, supported by a study by Campbell and Norman (1991), to possess an 
equal proportion of the conduit like xylem tissue in both trunk and branch areas.  
This is not the case for older trees where trunk areas, increasing with age, 
become less able to transport water.  The biometric measurements of the 
cottonwoods show a consistent one-to-one ratio.  Our current findings support an 
earlier conclusion by Nagler et al. (2004) where biometric measurements of 
cottonwoods and willows also produced a one-to-one ratio.  The outcome from 
the biometric scaling portion of the experiment indicates that a 1:1 relationship 
exists for trees similar in type and age as the cottonwoods studied here.  
However, we recommend that the biometric measurement be an included 
component in succeeding studies, similar to this one. 
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 The leaf area index value range calculated using the Licor LAI-2000 plant 
canopy analyzer was significantly lower, a three-fold disparity, than the range 
calculated by leaf-harvesting.  The leaf area index result by leaf-harvesting 
approximated 5.0 for an individual tree.  The leaf area index determined by the 
Licor LAI-2000 was 0.9156.  In the 2004 study done by Nagler et al. on a riparian 
area containing cottonwood, the mean leaf area index values for cottonwood 
were 3.50.  It is likely that the skewed measurement from the Licor LAI-2000 is 
due to the instruments inability to detect and manipulate the apparent complex 
geometry of at the Cibola cottonwood plantation.  The dimensions of the 
cottonwood trees are such that their height is disproportionately more than the 
width of their canopy.  
 The asymmetrical interspaced row alignment created contradictory 
readings for vertical and horizontal angle views.  Many of the trees in both plots 
appeared randomly isolated and thereby received increase exposure to light as 
compared to trees planted more uniformly.  Primarily, the mis-spacing inherent in 
the plantation configuration has created a discontinuous canopy cover  a less 
than ideal state for the Licor LAI-2000 calculation based on Beers-Lambert Law 
that assumes geometrically uniform canopies.  Although the branch sampling 
method is labor intensive, we feel that it is most suitable for areas were 
tree/canopy geometry is complex and less than ideal for devices utilizing Beers-
Lambert laws.   
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SAP FLOW BASED ET ESTIMATES 
 The sap flow sensor rates measured by our heat-balance method were 
comparable to other cottonwood studies done in natural settings.  Sap flow rates 
per tree for the Dry plot were lower than the Wet plot.  This translated into lower 
ET rates for the Dry plot compared to the Wet plot.   
The sap flow rates for both were statically accordant when comparing sap 
flow based on leaf area and branch.  Smaller trees populate the Dry plot most 
likely because of less irrigation.  The Dry plot trees, however, transpire just as 
efficiently as its larger counterparts in the Wet plot did.  Regardless of size, the 
tree constituents produced conducted similar quantities of sap.   
 The conversion from sap flow rates to ET produced a mean value range of 
6 to 11.2 millimeters per day.  This rate should represent ET rates for cottonwood 
at the time of maximum growth during its phenological cycle.  There are many 
factors (e.g., climate, topography, soil conditions) to consider when comparing ET 
rates from other sites.  Overall, our ET rates were higher compared to similar 
studies.  This is most likely due to the site’s geographic location, which has an 
extensive growing season as compared to the Middle Rio Grande area 
embodying a growing season only 130 to 180 days.  We did not consider the role 
of tree development from juvenile to mature in the comparison.  
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 Sap flow ET results showed that the cottonwood trees consumed 6-11 mm 
of water daily.  The derived mean ET value of 8.5 millimeters per day is 
representative of both plots.  Our yearly ET estimate for the entire cottonwood 
plantation is contingent upon the type of irrigation system used.  It appears that 
the current irrigation provides an unequal distribution of water and has thus 
affected the biometric dimensions between both plots. 
 
REMOTELY SENSED ET ESTIMATES 
 The ET estimates produced from remotely sensed imagery – MODIS and 
TM fell within 10% of the ET estimates determined by the ground measurement 
(sap flow heat-balance method).  We based both imagery process calculations on 
the same algorithm; thereby, making their results co-dependent.  This exercise 
has proven useful in that both TM and MODIS vegetation indexes can be inter-
calibrated.  Using MODIS or TM imagery will provide a reasonable estimate of a 
study site such as the one in the Cibola NWR. 
 Yearly ET estimates for the whole field as determined from the projected 
MODIS time-series imagery data was 1.2 meters.  These findings are within fall in 
the lower part of yearly ET estimates ranges for cottonwood in natural settings.  
The ET estimates obtained from MODIS EVI and Ta from 2002 to 2005 display 
upward movement coinciding with the maturation of the cottonwoods.  The spiky 
character of the MODIS data may be due to domination of the grass under-story 
as the Bermuda grass received full light due to immature over-story canopy.   
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The ET estimates from both MODIS and TM followed the expected growing 
season.  ET values showed an increasing trend from April to September 2005. A 
small dip appeared in August as compared to July and September.  It is likely that 
trees were responding to water conditions and dropped foliage to converse water.    
 The TM images provide a mid-level resolution analysis.  This feature 
provides a more accurate estimate of ET rates and examination of vegetation 
layout when compared to the coarser MODIS resolution and subsequent site 
evaluation.  The resolutions of TM images attest the weakness in MODIS ET 
estimation.  One drawback of analysis by MODIS is its inability to register 
diminutive areas accurately relative to its resolution such as our cottonwood 
stand.  We were not able to completely asses the cottonwood plantation using 
the MODIS method because the field dimensions were such that it resided in two 
pixels.  I was able to use only the pixel containing the largest area amount of the 
plantation.   
 UNCERTAINITY ESTIMATES 
 Our combined ground and satellite ET estimation methods contained 20 to 
30% inaccuracies due to human errors in measuring and scaling.  Currently, sap 
flow methods do not have an internal check for accuracy, but the scaling-up 
procedures can introduce errors of about 20% or more (Glenn, personal 
communication).  This range is what has been determined in literature as the 
inherent range of uncertainty in error for ground ET measurements by which the 
remote sensing estimates are validated (Jiang, 2004).  When comparing Bowen 
ratio towers over the same plot, they give differences of nearly 20%.   
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Analyzed eddy covariance tower data produce ET estimates by direct 
measurement of vapor flux produces an energy imbalance of 10-30% when 
compared to the Bowen ratio (Glenn, personal communication).  Therefore, ET 
estimates by tower methods are at best 70% accurate (Westenburg, 2006). 
 
ET COMPARISONS AND RECOMMENDATIONS 
 Our ET estimates were higher than estimates observed at other sites.  It is 
possible that the cottonwood trees at Cibola NWR exist in an environment 
different from the trees growing in natural stands.  Our cottonwoods were juvenile 
trees planted in symmetrical order and experienced bi-monthly irrigation.  
Therefore, it is plausible these tree experience optimal conditions as compared to 
cottonwood trees in less ordered environments (i.e., heterogeneous mixture, 
widely variant watering).  This would likely produce higher ET rates as observed 
in our study.  Table 13 is a comparison chart of ET estimates from recent studies 
on cottonwood. 
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Table 13.  Comparison chart of ET estimates on southwestern cottonwood trees. 
 
Method 
Estimated ET  
(mm day-1) 
Cottonwood trees 
along San Pedro 
River, AZ (Gazal et 
al., 2006) 
Thermal 
dissipation probes  4.8 
Sap Flow  6-11.2 
MODIS  3.3 
Cibola NWR, AZ 
(Nagler et al., 2006) 
TM  7.2 
Cottonwood trees 
along Middle Rio 
Grande, NM (Nagler 
et al., 2005b) MODIS  3.3 
Middle Rio Grande, 
NM (Dahm et al., 
2002) Eddy covariance  2.7 
 
 
 We suggest that these approaches be done other riparian stands in order 
to strengthen and refine scaling and satellite system inter-calibration techniques.  
The investigated vegetation should be targeted vegetation of the MSCP.  A 
repeat of this investigation using different vegetation and locations should clarify 
the efficiency and reliability of the MODIS EVI and ET connection.  We suggest, 
in addition to ground validation, that different algorithms for the TM and MODIS 
vegetation indexes be utilized in order to substantiate each approach individually.   
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We suggest this study performed again extending data collection to cover more 
of the phonological cycle.  Once confidently established as a means to ET 
estimation, the usage of MODIS EVI could prove to be a reasonable, cost-
effective, time-series monitoring tool for similar stands of vegetation.  The 
combination of remotely sensed imagery, quantitative vegetation maps, and 
ground ET data has the potential to provide more accurate and timely estimates 
of riparian ET. 
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APPENDIX A 
GLOSSARY OF ACRONYMS 
 
Organizations 
USBR United States, Department of Interior,  
 Bureau of Reclamation 
 
Cibola NWR Cibola National Wildlife Refuge, Cibola, Arizona. 
 
Sensors 
TM Landsat 5 satellite with Thematic Mapper (sensor)  
MODIS Moderate Resolution Imaging Spectroradiometer 
sensor aboard NASA’s Terra, Earth Observing 
System (EOS), satellite 
 
Indices 
VI Vegetation Index 
NDVI  Normalized difference vegetation index 
NDVIDN Normalized difference vegetation index in digital 
 number form. 
 
NDVI* Scaled NDVI.  Normalized NDVI represents minimum 
 value as 0 and maximum value as 1. 
 
NDVI*REF Scaled NDVI in reflectance based value form 
 
 
EVI Enhanced vegetation index 
EVI* Scaled EVI.  Normalized EVI represents minimum 
value as 0 and maximum value as 1. 
 
Site Information: Parker, Arizona
Resource: Arizona Meteorological Network 
Latitude / Longitude:  33.882 / 114.447
Elevation: 308 ft
Day of Month DOY MTA  (  ْF)
1 Jan-05 1 64
2 2 63
3 3 58
4 4 53
5 5 59
6 6 59
7 7 51
8 8 63
9 9 60
10 10 68
11 11 71
12 12 63
13 13 63
14 14 65
15 15 67
16 16 69
17 17 75
18 18 75
19 19 77
20 20 74
21 21 69
22 22 73
23 23 79
24 24 76
25 25 73
26 26 66
27 27 67
28 28 70
29 29 61
30 30 68
31 31 68
APPENDIX B 
DAILY MAX TEMPERATURE AVERAGES (MTA) 
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Day of Month DOY MTA  (  ْF)
1 Feb-05 32 69
2 33 69
3 34 69
4 35 72
5 36 73
6 37 70
7 38 68
8 39 68
9 40 69
10 41 68
11 42 68
12 43 59
13 44 71
14 45 73
15 46 71
16 47 70
17 48 72
18 49 67
19 50 65
20 51 69
21 52 70
22 53 64
23 54 69
24 55 60
25 56 67
26 57 71
27 58 71
28 59 74
1 Mar-05 60 70
2 61 76
3 62 77
4 63 76
5 64 74
6 65 71
7 66 71
8 67 74
9 68 79
10 69 88
11 70 88
12 71 91
13 72 89
14 73 No Data Available
15 74 71
16 75 72
17 76 78
18 77 82
19 78 74
20 79 79
21 80 76
22 81 79
23 82 81
24 83 74
25 84 70
26 85 76
27 86 77
28 87 82
29 88 81
30 89 79
31 90 78
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Day of Month DOY MTA  (  ْF)
1 Apr-05 91 74
2 92 83
3 93 87
4 94 89
5 95 79
6 96 86
7 97 88
8 98 94
9 99 82
10 100 77
11 101 81
12 102 85
13 103 92
14 104 94
15 105 88
16 106 91
17 107 97
18 108 95
19 109 89
20 110 78
21 111 82
22 112 88
23 113 88
24 114 87
25 115 65
26 116 84
27 117 89
28 118 86
29 119 79
30 120 83
1 May-05 121 90
2 122 91
3 123 92
4 124 95
5 125 96
6 126 90
7 127 79
8 128 83
9 129 87
10 130 91
11 131 83
12 132 85
13 133 92
14 134 97
15 135 100
16 136 100
17 137 97
18 138 90
19 139 100
20 140 102
21 141 108
22 142 110
23 143 111
24 144 103
25 145 102
26 146 103
27 147 99
28 148 93
29 149 100
30 150 100
31 151 96
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Day of Month DOY MTA  (  ْF)
1 Jun-05 152 102
2 153 101
3 154 94
4 155 92
5 156 98
6 157 93
7 158 92
8 159 93
9 160 95
10 161 94
11 162 100
12 163 98
13 164 97
14 165 104
15 166 107
16 167 103
17 168 102
18 169 98
19 170 99
20 171 105
21 172 111
22 173 115
23 174 113
24 175 106
25 176 110
26 177 106
27 178 105
28 179 109
29 180 107
30 181 110
1 Jul-05 182 111
2 183 108
3 184 109
4 185 107
5 186 112
6 187 112
7 188 110
8 189 110
9 190 110
10 191 108
11 192 110
12 193 115
13 194 115
14 195 112
15 196 103
16 197 102
17 198 116
18 199 121
19 200 118
20 201 111
21 202 109
22 203 114
23 204 117
24 205 102
25 206 96
26 207 105
27 208 110
28 209 111
29 210 110
30 211 108
31 212 107
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Day of Month DOY MTA  (  ْF)
1 Aug-05 213 106
2 214 105
3 215 104
4 216 103
5 217 103
6 218 109
7 219 109
8 220 108
9 221 102
10 222 101
11 223 98
12 224 99
13 225 104
14 226 102
15 227 103
16 228 103
17 229 104
18 230 104
19 231 104
20 232 105
21 233 109
22 234 116
23 235 115
24 236 109
25 237 103
26 238 110
27 239 112
28 240 113
29 241 113
30 242 114
31 243 112
1 Sep-05 244 110
2 245 110
3 246 109
4 247 105
5 248 103
6 249 109
7 250 110
8 251 111
9 252 108
10 253 97
11 254 97
12 255 98
13 256 96
14 257 94
15 258 94
16 259 99
17 260 98
18 261 99
19 262 100
20 263 101
21 264 104
22 265 92
23 266 102
24 267 102
25 268 100
26 269 100
27 270 105
28 271 104
29 272 100
30 273 99
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Day of Month DOY MTA  (  ْF)
1 Oct-05 274 102
2 275 103
3 276 101
4 277 100
5 278 90
6 279 90
7 280 93
8 281 99
9 282 93
10 283 90
11 284 88
12 285 89
13 286 90
14 287 95
15 288 96
16 289 92
17 290 76
18 291 73
19 292 72
20 293 78
21 294 82
22 295 84
23 296 89
24 297 91
25 298 93
26 299 84
27 300 85
28 301 85
29 302 83
30 303 86
31 304 84
1 Nov-05 305 86
2 306 86
3 307 86
4 308 85
5 309 82
6 310 81
7 311 80
8 312 84
9 313 85
10 314 78
11 315 81
12 316 79
13 317 80
14 318 81
15 319 83
16 320 76
17 321 76
18 322 78
19 323 77
20 324 78
21 235 81
22 326 79
23 327 74
24 328 75
25 329 82
26 330 81
27 331 80
28 332 76
29 333 67
30 334 69
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Day of Month DOY MTA  (  ْF)
1 Dec-05 335 70
2 336 76
3 337 78
4 338 74
5 339 63
6 340 62
7 341 68
8 342 68
9 343 63
10 344 67
11 345 70
12 346 69
13 347 66
14 348 67
15 349 67
16 350 56
17 351 60
18 352 59
19 353 60
20 354 67
21 255 70
22 356 70
23 357 74
24 358 72
25 359 79
26 360 75
27 361 74
28 362 73
29 363 73
30 364 71
31 365 70
2004 2004 2004 2004
1 Jan-04 1 61
2 2 63
3 3 65
4 4 62
5 5 57
6 6 61
7 7 62
8 8 54
9 9 71
10 10 75
11 11 74
12 12 74
13 13 73
14 14 74
15 15 73
16 16 72
17 17 73
18 18 72
19 19 69
20 20 67
21 21 68
22 22 69
23 23 69
24 24 71
25 25 68
26 26 70
27 27 69
28 28 65
29 29 67
108
30 30 82
31 31 75
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Day of Month DOY MTA  (  ْF)
1 Feb-04 32 65
2 33 64
3 34 66
4 35 63
5 36 66
6 37 68
7 38 66
8 39 71
9 40 65
10 41 65
11 42 68
12 43 70
13 44 61
14 45 62
15 46 64
16 47 71
17 48 77
18 49 80
19 50 81
20 51 73
21 52 65
22 53 64
23 54 61
24 55 67
25 56 66
26 57 71
27 58 70
28 59 68
29 60 66
1 Mar-04 61 68
2 62 69
3 63 54
4 64 70
5 65 72
6 66 70
7 67 76
8 68 84
9 69 88
10 70 92
11 71 90
12 72 90
13 73 86
14 74 87
15 75 90
16 76 93
17 77 90
18 78 90
19 79 91
20 80 93
21 81 99
22 82 100
23 83 98
24 84 92
25 85 88
26 86 90
27 87 85
28 88 86
29 89 90
30 90 92
31 91 97
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Day of Month DOY MTA  (  ْF)
1 Apr-04 92 90
2 93 86
3 94 66
4 95 67
5 96 76
6 97 85
7 98 88
8 99 87
9 100 89
10 101 88
11 102 90
12 103 86
13 104 91
14 105 93
15 106 90
16 107 91
17 108 90
18 109 87
19 110 76
20 111 80
21 112 88
22 113 91
23 114 82
24 115 86
25 116 92
26 117 97
27 118 101
28 119 102
29 120 101
30 121 100
1 May-04 122 87
2 123 90
3 124 100
4 125 103
5 126 105
6 127 102
7 128 100
8 129 96
9 130 100
10 131 101
11 132 100
12 133 94
13 134 91
14 135 96
15 136 98
16 137 105
17 138 101
18 139 99
19 140 97
20 141 96
21 142 96
22 143 91
23 144 89
24 145 90
25 146 94
26 147 94
27 148 96
28 149 98
29 150 100
30 151 99
31 152 101
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Day of Month DOY MTA  (  ْF)
1 Jun-04 153 108
2 154 108
3 155 106
4 156 106
5 157 110
6 158 110
7 159 106
8 160 104
9 161 100
10 162 90
11 163 91
12 164 96
13 165 98
14 166 102
15 167 105
16 168 103
17 169 102
18 170 103
19 171 105
20 172 103
21 173 105
22 174 105
23 175 104
24 176 104
25 177 108
26 178 104
27 179 105
28 180 104
29 181 103
30 182 99
1 Jul-04 183 100
2 184 104
3 185 105
4 186 105
5 187 106
6 188 104
7 189 105
8 190 104
9 191 107
10 192 106
11 193 110
12 194 111
13 195 112
14 196 105
15 197 102
16 198 104
17 199 106
18 200 108
19 201 110
20 202 113
21 203 112
22 204 114
23 205 111
24 206 108
25 207 106
26 208 108
27 209 107
28 210 110
29 211 107
30 212 108
31 213 108
112
Day of Month DOY MTA  (  ْF)
1 Aug-04 214 109
2 215 111
3 216 106
4 217 107
5 218 108
6 219 106
7 220 106
8 221 107
9 222 113
10 223 111
11 224 111
12 225 105
13 226 106
14 227 102
15 228 94
16 229 100
17 230 106
18 231 108
19 232 108
20 233 98
21 234 106
22 235 105
23 236 103
24 237 102
25 238 100
26 239 105
27 240 106
28 241 106
29 242 107
30 243 107
31 244 108
1 Sept-04 245 110
2 246 108
3 247 112
4 248 106
5 249 97
6 250 100
7 251 104
8 252 105
9 253 103
10 254 100
11 255 98
12 256 100
13 257 99
14 258 100
15 259 98
16 260 99
17 261 100
18 262 99
19 263 100
20 264 92
21 265 86
22 266 90
23 267 93
24 268 95
25 269 99
26 270 102
27 271 99
28 272 101
29 273 98
30 274 92
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Day of Month DOY MTA  (  ْF)
1 Oct-04 275 90
2 276 90
3 277 96
4 278 98
5 279 97
6 280 96
7 281 98
8 282 97
9 283 99
10 284 99
11 285 89
12 286 90
13 287 92
14 288 95
15 289 92
16 290 91
17 291 86
18 292 82
19 293 80
20 294 79
21 295 84
22 296 66
23 297 73
24 298 74
25 299 76
26 300 74
27 301 74
28 302 74
29 303 69
30 304 70
31 305 73
1 Nov-04 306 75
2 307 69
3 308 72
4 309 72
5 310 74
6 311 75
7 312 81
8 313 68
9 314 71
10 315 72
11 316 73
12 317 76
13 318 74
14 319 71
15 320 75
16 321 74
17 322 75
18 323 74
19 324 75
20 325 75
21 326 70
22 327 58
23 328 56
24 329 63
25 330 66
26 331 64
27 332 65
28 333 71
29 334 64
30 335 58
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Day of Month DOY MTA  (  ْF)
1 Dec-04 336 58
2 337 59
3 338 60
4 339 65
5 340 60
6 341 57
7 342 63
8 343 60
9 344 66
10 345 69
11 346 72
12 347 76
13 348 71
14 349 70
15 350 73
16 351 76
17 352 74
18 353 72
19 354 76
20 355 72
21 356 67
22 357 72
23 358 59
24 359 61
25 360 60
26 361 69
27 362 55
28 363 58
29 364 63
30 365 65
31 366 65
2003 2003 2003 2003
1 Jan-03 1 68
2 2 71
3 3 73
4 4 75
5 5 75
6 6 72
7 7 76
8 8 80
9 9 71
10 10 70
11 11 66
12 12 72
13 13 71
14 14 74
15 15 73
16 16 77
17 17 77
18 18 75
19 19 76
20 20 75
21 21 71
22 22 72
23 23 72
24 24 69
25 25 79
26 26 83
27 27 80
28 28 77
29 29 76
115
30 30 80
31 31 83
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Day of Month DOY MTA  (  ْF)
1 Feb-03 32 84
2 33 83
3 34 72
4 35 68
5 36 67
6 37 67
7 38 66
8 39 65
9 40 66
10 41 65
11 42 64
12 43 70
13 44 64
14 45 66
15 46 68
16 47 72
17 48 75
18 49 72
19 50 74
20 51 75
21 52 74
22 53 80
23 54 77
24 55 75
25 56 72
26 57 62
27 58 65
28 59 66
1 Mar-03 60 64
2 61 65
3 62 66
4 63 64
5 64 66
6 65 70
7 66 76
8 67 77
9 68 80
10 69 84
11 70 85
12 71 86
13 72 86
14 73 86
15 74 85
16 75 76
17 76 71
18 77 68
19 78 74
20 79 77
21 80 77
22 81 80
23 82 86
24 83 90
25 84 84
26 85 89
27 86 91
28 87 80
29 88 77
30 89 80
31 90 83
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Day of Month DOY MTA  (  ْF)
1 Apr-03 91 88
2 92 91
3 93 76
4 94 74
5 95 77
6 96 72
7 97 75
8 98 85
9 99 87
10 100 92
11 101 91
12 102 89
13 103 84
14 104 84
15 105 81
16 106 73
17 107 80
18 108 74
19 109 75
20 110 79
21 111 85
22 112 80
23 113 72
24 114 77
25 115 84
26 116 87
27 117 86
28 118 94
29 119 90
30 120 82
1 May-03 121 80
2 122 89
3 123 88
4 124 82
5 125 81
6 126 84
7 127 85
8 128 82
9 129 78
10 130 77
11 131 84
12 132 92
13 133 96
14 134 97
15 135 95
16 136 92
17 137 106
18 138 108
19 139 99
20 140 102
21 141 103
22 142 106
23 143 105
24 144 104
25 145 102
26 146 101
27 147 101
28 148 110
29 149 111
30 150 107
31 151 106
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Day of Month DOY MTA  (  ْF)
1 Jun-03 152 106
2 153 110
3 154 110
4 155 106
5 156 106
6 157 105
7 158 106
8 159 110
9 160 108
10 161 99
11 162 97
12 163 98
13 164 99
14 165 100
15 166 104
16 167 109
17 168 109
18 169 108
19 170 108
20 171 100
21 172 95
22 173 97
23 174 97
24 175 97
25 176 94
26 177 104
27 178 107
28 179 112
29 180 114
30 181 110
1 Jul-03 182 110
2 183 111
3 184 112
4 185 110
5 186 112
6 187 111
7 188 110
8 189 109
9 190 110
10 191 113
11 192 111
12 193 108
13 194 106
14 195 117
15 196 117
16 197 116
17 198 110
18 199 94
19 200 97
20 201 111
21 202 111
22 203 112
23 204 109
24 205 110
25 206 106
26 207 106
27 208 105
28 209 107
29 210 108
30 211 104
31 212 100
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Day of Month DOY MTA  (  ْF)
1 Aug-03 213 102
2 214 96
3 215 101
4 216 108
5 217 110
6 218 110
7 219 104
8 220 109
9 221 110
10 222 111
11 223 116
12 224 115
13 225 96
14 226 112
15 227 103
16 228 98
17 229 100
18 230 106
19 231 111
20 232 100
21 233 98
22 234 102
23 235 100
24 236 108
25 237 103
26 238 108
27 239 100
28 240 94
29 241 104
30 242 106
31 243 106
1 Sep-03 244 110
2 245 109
3 246 110
4 247 111
5 248 104
6 249 101
7 250 104
8 251 106
9 252 102
10 253 99
11 254 95
12 255 104
13 256 105
14 257 106
15 258 106
16 259 108
17 260 108
18 261 102
19 262 100
20 263 102
21 264 107
22 265 108
23 266 109
24 267 95
25 268 92
26 269 97
27 270 103
28 271 106
29 272 105
30 273 108
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Day of Month DOY MTA  (  ْF)
1 Oct-03 274 107
2 275 106
3 276 103
4 277 94
5 278 95
6 279 96
7 280 95
8 281 95
9 282 98
10 283 99
11 284 93
12 285 96
13 286 100
14 287 101
15 288 96
16 289 100
17 290 97
18 291 98
19 292 103
20 293 103
21 294 103
22 295 105
23 296 104
24 297 100
25 298 99
26 299 94
27 300 86
28 301 88
29 302 89
30 303 87
31 304 79
1 Nov-03 305 74
2 306 73
3 307 71
4 308 71
5 309 70
6 310 72
7 311 74
8 312 72
9 313 75
10 314 81
11 315 80
12 316 73
13 317 66
14 318 67
15 319 72
16 320 69
17 321 67
18 322 72
19 323 75
20 324 81
21 235 78
22 326 81
23 327 65
24 328 63
25 329 63
26 330 70
27 331 67
28 332 70
29 333 68
30 334 70
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Day of Month DOY MTA  (  ْF)
1 Dec-03 335 72
2 336 69
3 337 76
4 338 75
5 339 75
6 340 75
7 341 75
8 342 76
9 343 71
10 344 65
11 345 66
12 346 64
13 347 64
14 348 72
15 349 63
16 350 63
17 351 64
18 352 66
19 353 67
20 354 68
21 255 70
22 356 73
23 357 72
24 358 68
25 359 65
26 360 70
27 361 62
28 362 57
29 363 56
30 364 53
31 365 57
2002 2002 2002 2002
1 Jan-02 1 72
2 2 68
3 3 67
4 4 71
5 5 70
6 6 67
7 7 66
8 8 71
9 9 77
10 10 70
11 11 77
12 12 75
13 13 74
14 14 76
15 15 68
16 16 65
17 17 65
18 18 61
19 19 66
20 20 57
21 21 65
22 22 65
23 23 67
24 24 61
25 25 63
26 26 63
27 27 68
28 28 66
29 29 65
122
30 30 57
31 31 66
123
Day of Month DOY MTA  (  ْF)
1 Feb-02 32 54
2 33 58
3 34 60
4 35 68
5 36 73
6 37 72
7 38 70
8 39 72
9 40 75
10 41 67
11 42 No Data Available
12 43 73
13 44 77
14 45 75
15 46 76
16 47 78
17 48 75
18 49 67
19 50 69
20 51 70
21 52 72
22 53 81
23 54 84
24 55 86
25 56 81
26 57 83
27 58 78
28 59 82
1 Mar-02 60 80
2 61 65
3 62 63
4 63 68
5 64 69
6 65 76
7 66 81
8 67 78
9 68 73
10 69 74
11 70 81
12 71 84
13 72 86
14 73 83
15 74 66
16 75 66
17 76 65
18 77 66
19 78 63
20 79 76
21 80 85
22 81 89
23 82 88
24 83 73
25 84 73
26 85 75
27 86 81
28 87 84
29 88 79
30 89 82
31 90 90
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Day of Month DOY MTA  (  ْF)
1 Apr-02 91 96
2 92 94
3 93 93
4 94 92
5 95 90
6 96 90
7 97 80
8 98 85
9 99 87
10 100 90
11 101 95
12 102 94
13 103 93
14 104 99
15 105 102
16 106 84
17 107 81
18 108 90
19 109 85
20 110 76
21 111 80
22 112 85
23 113 91
24 114 98
25 115 93
26 116 91
27 117 76
28 118 75
29 119 86
30 120 90
1 May-02 121 84
2 122 80
3 123 82
4 124 88
5 125 90
6 126 96
7 127 97
8 128 94
9 129 91
10 130 97
11 131 98
12 132 88
13 133 94
14 134 101
15 135 102
16 136 101
17 137 98
18 138 10
19 139 97
20 140 96
21 141 87
22 142 84
23 143 86
24 144 88
25 145 93
26 146 96
27 147 94
28 148 97
29 149 99
30 150 104
31 151 110
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Day of Month DOY MTA  (  ْF)
1 Jun-02 152 102
2 153 85
3 154 No Data Available
4 155 101
5 156 106
6 157 109
7 158 115
8 159 113
9 160 110
10 161 99
11 162 98
12 163 100
13 164 106
14 165 110
15 166 110
16 167 No Data Available
17 168 No Data Available
18 169 110
19 170 109
20 171 109
21 172 108
22 173 105
23 174 105
24 175 108
25 176 109
26 177 110
27 178 112
28 179 108
29 180 108
30 181 108
1 Jul-02 182 110
2 183 111
3 184 115
4 185 109
5 186 109
6 187 109
7 188 109
8 189 111
9 190 113
10 191 112
11 192 112
12 193 113
13 194 114
14 195 106
15 196 109
16 197 103
17 198 108
18 199 108
19 200 108
20 201 109
21 202 108
22 203 109
23 204 109
24 205 107
25 206 108
26 207 111
27 208 110
28 209 108
29 210 109
30 211 112
31 212 109
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Day of Month DOY MTA  (  ْF)
1 Aug-02 213 102
2 214 108
3 215 104
4 216 107
5 217 106
6 218 104
7 219 107
8 220 110
9 221 110
10 222 113
11 223 116
12 224 112
13 225 111
14 226 110
15 227 110
16 228 108
17 229 107
18 230 108
19 231 107
20 232 93
21 233 103
22 234 104
23 235 105
24 236 109
25 237 105
26 238 108
27 239 110
28 240 107
29 241 108
30 242 107
31 243 108
1 Sep-02 244 110
2 245 112
3 246 110
4 247 111
5 248 107
6 249 103
7 250 91
8 251 86
9 252 94
10 253 85
11 254 95
12 255 96
13 256 100
14 257 106
15 258 108
16 259 108
17 260 107
18 261 102
19 262 98
20 263 97
21 264 101
22 265 103
23 266 107
24 267 110
25 268 108
26 269 110
27 270 109
28 271 100
29 272 97
30 273 85
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Day of Month DOY MTA  (  ْF)
1 Oct-02 274 88
2 275 84
3 276 76
4 277 83
5 278 84
6 279 90
7 280 94
8 281 100
9 282 97
10 283 99
11 284 99
12 285 94
13 286 93
14 287 95
15 288 93
16 289 95
17 290 92
18 291 83
19 292 84
20 293 82
21 294 88
22 295 87
23 296 85
24 297 83
25 298 82
26 299 83
27 300 75
28 301 75
29 302 80
30 303 82
31 304 81
1 Nov-02 305 80
2 306 80
3 307 80
4 308 80
5 309 79
6 310 82
7 311 83
8 312 80
9 313 78
10 314 86
11 315 75
12 316 80
13 317 80
14 318 79
15 319 82
16 320 81
17 321 80
18 322 76
19 323 80
20 324 79
21 235 85
22 326 84
23 327 80
24 328 82
25 329 81
26 330 68
27 331 72
28 332 75
29 333 75
30 334 68
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Day of Month DOY MTA  (  ْF)
1 Dec-02 335 68
2 336 69
3 337 65
4 338 70
5 339 70
6 340 72
7 341 72
8 342 70
9 343 71
10 344 70
11 345 71
12 346 73
13 347 68
14 348 66
15 349 63
16 350 71
17 351 70
18 352 69
19 353 65
20 354 63
21 255 53
22 356 54
23 357 55
24 358 63
25 359 59
26 360 61
27 361 60
28 362 66
29 363 64
30 364 64
31 365 63
2001 2001 2001 2001
1 Jan-01 1 71
2 2 72
3 3 75
4 4 76
5 5 76
6 6 65
7 7 73
8 8 73
9 9 65
10 10 61
11 11 65
12 12 57
13 13 54
14 14 65
15 15 65
16 16 67
17 17 55
18 18 60
19 19 62
20 20 60
21 21 68
22 22 67
23 23 70
24 24 67
25 25 71
26 26 63
27 27 56
28 28 53
29 29 56
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30 30 63
31 31 63
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Day of Month DOY MTA  (  ْF)
1 Feb-01 32 62
2 33 68
3 34 69
4 35 78
5 36 81
6 37 79
7 38 82
8 39 63
9 40 60
10 41 62
11 42 67
12 43 64
13 44 69
14 45 62
15 46 61
16 47 63
17 48 67
18 49 67
19 50 77
20 51 73
21 52 74
22 53 78
23 54 81
24 55 65
25 56 64
26 57 63
27 58 62
28 59 56
1 Mar-01 60 60
2 61 66
3 62 67
4 63 69
5 64 72
6 65 75
7 66 71
8 67 65
9 68 73
10 69 74
11 70 62
12 71 69
13 72 69
14 73 78
15 74 82
16 75 79
17 76 80
18 77 74
19 78 85
20 79 87
21 80 88
22 81 89
23 82 90
24 83 88
25 84 89
26 85 87
27 86 84
28 87 89
29 88 91
30 89 89
31 90 89
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Day of Month DOY MTA  (  ْF)
1 Apr-01 91 89
2 92 90
3 93 81
4 94 76
5 95 76
6 96 71
7 97 77
8 98 73
9 99 67
10 100 70
11 101 68
12 102 72
13 103 74
14 104 80
15 105 85
16 106 88
17 107 93
18 108 96
19 109 94
20 110 90
21 111 78
22 112 69
23 113 78
24 114 86
25 115 96
26 116 100
27 117 99
28 118 97
29 119 96
30 120 95
1 May-01 121 95
2 122 101
3 123 95
4 124 85
5 125 87
6 126 93
7 127 98
8 128 104
9 129 107
10 130 107
11 131 106
12 132 105
13 133 99
14 134 99
15 135 100
16 136 99
17 137 102
18 138 102
19 139 100
20 140 97
21 141 104
22 142 106
23 143 109
24 144 111
25 145 112
26 146 111
27 147 108
28 148 97
29 149 94
30 150 100
31 151 107
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Day of Month DOY MTA  (  ْF)
1 Jun-01 152 111
2 153 109
3 154 107
4 155 97
5 156 95
6 157 100
7 158 104
8 159 106
9 160 108
10 161 109
11 162 109
12 163 107
13 164 100
14 165 102
15 166 96
16 167 101
17 168 108
18 169 115
19 170 113
20 171 112
21 172 106
22 173 106
23 174 105
24 175 108
25 176 107
26 177 93
27 178 104
28 179 107
29 180 107
30 181 112
1 Jul-01 182 114
2 183 117
3 184 119
4 185 114
5 186 108
6 187 94
7 188 95
8 189 100
9 190 103
10 191 105
11 192 108
12 193 108
13 194 110
14 195 111
15 196 111
16 197 106
17 198 105
18 199 107
19 200 107
20 201 108
21 202 108
22 203 108
23 204 109
24 205 122
25 206 106
26 207 106
27 208 105
28 209 106
29 210 112
30 211 102
31 212 108
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Day of Month DOY MTA  (  ْF)
1 Aug-01 213 107
2 214 105
3 215 110
4 216 111
5 217 113
6 218 101
7 219 111
8 220 112
9 221 104
10 222 88
11 223 109
12 224 97
13 225 105
14 226 108
15 227 105
16 228 107
17 229 110
18 230 106
19 231 105
20 232 106
21 233 109
22 234 106
23 235 103
24 236 105
25 237 106
26 238 110
27 239 113
28 240 108
29 241 106
30 242 105
31 243 102
1 Sep-01 244 98
2 245 104
3 246 102
4 247 105
5 248 106
6 249 107
7 250 103
8 251 103
9 252 103
10 253 103
11 254 106
12 255 107
13 256 107
14 257 98
15 258 97
16 259 103
17 260 105
18 261 102
19 262 102
20 263 104
21 264 106
22 265 106
23 266 105
24 267 106
25 268 107
26 269 105
27 270 106
28 271 106
29 272 104
30 273 104
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Day of Month DOY MTA  (  ْF)
1 Oct-01 274 108
2 275 93
3 276 95
4 277 96
5 278 96
6 279 95
7 280 92
8 281 90
9 282 89
10 283 88
11 284 91
12 285 87
13 286 85
14 287 95
15 288 94
16 289 97
17 290 97
18 291 96
19 292 92
20 293 93
21 294 95
22 295 92
23 296 91
24 297 93
25 298 91
26 299 90
27 300 93
28 301 92
29 302 90
30 303 88
31 304 90
1 Nov-01 305 83
2 306 85
3 307 85
4 308 92
5 309 86
6 310 88
7 311 84
8 312 84
9 313 86
10 314 85
11 315 85
12 316 85
13 317 81
14 318 76
15 319 80
16 320 81
17 321 83
18 322 80
19 323 81
20 324 81
21 235 81
22 326 80
23 327 82
24 328 74
25 329 75
26 330 68
27 331 64
28 332 62
29 333 58
30 334 56
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Day of Month DOY MTA  (  ْF)
1 Dec-01 335 65
2 336 64
3 337 68
4 338 75
5 339 64
6 340 62
7 341 58
8 342 54
9 343 57
10 344 70
11 345 65
12 346 55
13 347 61
14 348 57
15 349 61
16 350 57
17 351 57
18 352 61
19 353 66
20 354 66
21 255 64
22 356 64
23 357 63
24 358 65
25 359 66
26 360 65
27 361 65
28 362 64
29 363 61
30 364 61
31 365 66
2000 2000 2000 2000
1 Jan-00 1 70
2 2 66
3 3 65
4 4 64
5 5 64
6 6 61
7 7 64
8 8 64
9 9 65
10 10 66
11 11 68
12 12 73
13 13 75
14 14 76
15 15 77
16 16 74
17 17 75
18 18 78
19 19 79
20 20 79
21 21 80
22 22 75
23 23 74
24 24 70
25 25 77
26 26 75
27 27 73
28 28 70
29 29 69
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30 30 68
31 31 70
137
Day of Month DOY MTA  (  ْF)
1 Feb-00 32 74
2 33 75
3 34 75
4 35 76
5 36 77
6 37 73
7 38 79
8 39 86
9 40 74
10 41 82
11 42 78
12 43 68
13 44 75
14 45 69
15 46 79
16 47 80
17 48 77
18 49 67
19 50 66
20 51 75
21 52 67
22 53 67
23 54 68
24 55 70
25 56 65
26 57 67
27 58 70
28 59 81
29 60 76
1 Mar-00 61 73
2 62 74
3 63 78
4 64 77
5 65 72
6 66 57
7 67 65
8 68 66
9 69 67
10 70 69
11 71 76
12 72 84
13 73 85
14 74 86
15 75 89
16 76 90
17 77 82
18 78 88
19 79 89
20 80 89
21 81 69
22 82 71
23 83 77
24 84 81
25 85 83
26 86 85
27 87 86
28 88 84
29 89 79
30 90 80
31 91 85
138
Day of Month DOY MTA  (  ْF)
1 Apr-00 92 71
2 93 74
3 94 75
4 95 75
5 96 72
6 97 58
7 98 66
8 99 67
9 100 67
10 101 69
11 102 77
12 103 85
13 104 87
14 105 88
15 106 89
16 107 90
17 108 86
18 109 88
19 110 90
20 111 89
21 112 68
22 113 72
23 114 77
24 115 80
25 116 83
26 117 85
27 118 86
28 119 85
29 120 78
30 121 80
1 May-00 122 106
2 123 100
3 124 103
4 125 102
5 126 102
6 127 100
7 128 98
8 129 98
9 130 96
10 131 101
11 132 101
12 133 87
13 134 93
14 135 96
15 136 101
16 137 95
17 138 84
18 139 86
19 140 96
20 141 99
21 142 104
22 143 110
23 144 112
24 145 108
25 146 101
26 147 93
27 148 94
28 149 108
29 150 112
30 151 114
31 152 109
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Day of Month DOY MTA  (  ْF)
1 Jun-00 153 107
2 154 107
3 155 108
4 156 108
5 157 109
6 158 110
7 159 112
8 160 109
9 161 98
10 162 91
11 163 96
12 164 103
13 165 107
14 166 113
15 167 114
16 168 116
17 169 108
18 170 104
19 171 104
20 172 103
21 173 103
22 174 106
23 175 106
24 176 105
25 177 105
26 178 105
27 179 110
28 180 110
29 181 104
30 182 111
1 Jul-00 183 105
2 184 106
3 185 105
4 186 105
5 187 104
6 188 105
7 189 104
8 190 103
9 191 103
10 192 104
11 193 105
12 194 106
13 195 107
14 196 107
15 197 109
16 198 110
17 199 111
18 200 114
19 201 116
20 202 117
21 203 116
22 204 107
23 205 111
24 206 112
25 207 116
26 208 117
27 209 114
28 210 115
29 211 108
30 212 111
31 213 110
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Day of Month DOY MTA  (  ْF)
1 Aug-00 214 109
2 215 109
3 216 110
4 217 112
5 218 113
6 219 114
7 220 109
8 221 108
9 222 109
10 223 111
11 224 113
12 225 114
13 226 109
14 227 110
15 228 111
16 229 107
17 230 111
18 231 106
19 232 106
20 233 107
21 234 110
22 235 107
23 236 106
24 237 104
25 238 104
26 239 99
27 240 106
28 241 90
29 242 98
30 243 88
31 244 89
1 Sep-00 245 97
2 246 95
3 247 95
4 248 100
5 249 103
6 250 106
7 251 105
8 252 105
9 253 105
10 254 103
11 255 103
12 256 104
13 257 107
14 258 110
15 259 111
16 260 112
17 261 109
18 262 107
19 263 106
20 264 107
21 265 105
22 266 104
23 267 90
24 268 90
25 269 91
26 270 97
27 271 98
28 272 100
29 273 100
30 274 99
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Day of Month DOY MTA  (  ْF)
1 Oct-00 275 100
2 276 102
3 277 102
4 278 100
5 279 97
6 280 97
7 281 97
8 282 96
9 283 95
10 284 89
11 285 82
12 286 77
13 287 80
14 288 83
15 289 86
16 290 87
17 291 90
18 292 93
19 293 89
20 294 90
21 295 89
22 296 88
23 297 72
24 298 66
25 299 75
26 300 78
27 301 79
28 302 74
29 303 76
30 304 76
31 305 74
1 Nov-00 306 74
2 307 75
3 308 76
4 309 77
5 310 54
6 311 77
7 312 65
8 313 65
9 314 66
10 315 72
11 316 64
12 317 56
13 318 56
14 319 65
15 320 63
16 321 66
17 322 65
18 323 65
19 324 67
20 325 69
21 326 71
22 327 74
23 328 72
24 329 77
25 330 72
26 331 75
27 332 76
28 333 75
29 334 76
30 335 76
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Day of Month DOY MTA  (  ْF)
1 Dec-00 336 74
2 337 71
3 338 75
4 339 76
5 340 75
6 341 78
7 342 80
8 343 79
9 344 72
10 345 69
11 346 71
12 347 68
13 348 69
14 349 65
15 350 65
16 351 66
17 352 73
18 353 69
19 354 67
20 355 64
21 356 65
22 357 70
23 358 70
24 359 72
25 360 67
26 361 67
27 362 70
28 363 69
29 364 70
30 365 72
31 366 70
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TM NDVI DN TO NDVI REF CONVERSION
NDVI (DN) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.060402685 0.20338983 0.2173913 0.296 0.18181818 0.23577236 0.2231405 0.29824561 0.28440367 0.26213592 0.23076923 0.16666667 0.23943662
Row 1 0.262295082 0.2 0.2293578 0.21818182 0.23214286 0.25 0.28571429 0.26956522 0.29310345 0.2920354 0.23076923 0.19626168 0.22689076
Row 2 0.228070175 0.23893805 0.25663717 0.24324324 0.24324324 0.25663717 0.25663717 0.28695652 0.26785714 0.26126126 0.27272727 0.24324324 0.28333333
Row 3 0.186440678 0.23893805 0.26126126 0.26126126 0.25 0.27927928 0.26315789 0.25663717 0.25663717 0.28070175 0.23214286 0.23893805 0.2972973
Row 4 0.206896552 0.25663717 0.26126126 0.26126126 0.28070175 0.31034483 0.26315789 0.29824561 0.29824561 0.2991453 0.25862069 0.27433628 0.06153846
Row 5 0.142857143 0.23893805 0.27927928 0.26315789 0.2920354 0.28070175 0.29824561 0.32758621 0.31147541 0.35483871 0.30357143 0.2920354 0.15873016
NDVI (Reflectance) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.235228089 0.35592899 0.3671327 0.42799552 0.33845289 0.38167422 0.3717013 0.42968335 0.41923464 0.40220051 0.37773491 0.32602222 0.38455045
Row 1 0.402323246 0.3532 0.37662106 0.36776198 0.37881786 0.3928 0.42022857 0.40791456 0.42581427 0.42500879 0.37773491 0.350183 0.37467148
Row 2 0.37560394 0.38415954 0.39795138 0.38753046 0.38753046 0.39795138 0.39795138 0.42116975 0.40660357 0.40152575 0.41033719 0.38753046 0.41842222
Row 3 0.342219707 0.38415954 0.40152575 0.40152575 0.3928 0.41533924 0.40298837 0.39795138 0.39795138 0.41642204 0.37881786 0.38415954 0.42897093
Row 4 0.358745303 0.39795138 0.40152575 0.40152575 0.41642204 0.43872866 0.40298837 0.42968335 0.42968335 0.43035877 0.39948609 0.4115678 0.23623195
Row 5 0.306228571 0.38415954 0.41533924 0.40298837 0.42500879 0.41642204 0.42968335 0.45147658 0.43956969 0.47128699 0.433675 0.42500879 0.31945961
NDVI (Ref) Minimum Value = 0.23522809
NDVI (Ref) Maximum Value = 0.47128699
Average (Ref) = 0.35325754
EVI* = 0.241(NDVIref) + 2.11 (NDVIref)2 - 0.0223 = 0.3261438
Maximum Daily Temperature Average (oC) = 28.8
ET (mm d-1) = 11.5(1-e-1.63EVI*)(0.883/(1+e-(Ta-27.9)/2.57)) + 1.07= 5.2571527
NDVI (DN) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.185185185 0.25396825 0.20353982 0.2173913 0.23893805 0.22137405 0.24031008 0.28 0.33333333 0.31034483 0.17037037 0.18461538 0.20967742
Row 1 0.285714286 0.1826087 0.1965812 0.25217391 0.25862069 0.25217391 0.25217391 0.27586207 0.29411765 0.2991453 0.25663717 0.19298246 0.16949153
Row 2 0.301587302 0.22413793 0.23728814 0.26956522 0.26126126 0.26315789 0.25217391 0.23728814 0.25217391 0.25217391 0.26495726 0.28333333 0.29411765
Row 3 0.282442748 0.22413793 0.22413793 0.23893805 0.26126126 0.28070175 0.27586207 0.27586207 0.30973451 0.28813559 0.26315789 0.27586207 0.28571429
Row 4 0.308270677 0.27927928 0.27927928 0.26126126 0.26126126 0.30973451 0.32142857 0.26956522 0.32173913 0.30578512 0.2991453 0.27586207 0.27272727
Row 5 0.236842105 0.29508197 0.25862069 0.26666667 0.30645161 0.28070175 0.31034483 0.34482759 0.328 0.33333333 0.28333333 0.2991453 0.33333333
NDVI (Reflectance) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.341197805 0.39588289 0.35604959 0.3671327 0.38415954 0.37029956 0.38523495 0.415888 0.45568889 0.43872866 0.3290727 0.34073373 0.36097378
Row 1 0.420228571 0.33909792 0.35044117 0.39448998 0.39948609 0.39448998 0.39448998 0.41273341 0.42657855 0.43035877 0.39795138 0.34753007 0.32834955
Row 2 0.432189771 0.37249203 0.38286492 0.40791456 0.40152575 0.40298837 0.39448998 0.38286492 0.39448998 0.39448998 0.40437411 0.41842222 0.42657855
Row 3 0.417745749 0.37249203 0.37249203 0.38415954 0.40152575 0.41642204 0.41273341 0.41273341 0.43827435 0.42206228 0.40298837 0.41273341 0.42022857
Row 4 0.437183854 0.41533924 0.41533924 0.40152575 0.40152575 0.43827435 0.44694286 0.40791456 0.44717202 0.43532947 0.43035877 0.41273341 0.41033719
Row 5 0.382514681 0.4273047 0.39948609 0.40568889 0.43582706 0.41642204 0.43872866 0.46405803 0.45178048 0.45568889 0.41842222 0.43035877 0.45568889
NDVI (DN) Minimum Value = 0.32834955
NDVI (DN)  Maximum Value = 0.46405803
Average  (REF) = 0.39620379
EVI* = 0.241(NDVIref) + 2.11 (NDVIref)2 - 0.0223 = 0.4044075
Maximum Daily Temperature Average (oC) = 33.8
ET (mm d-1) = 11.5(1-e-1.63EVI*)(0.883/(1+e-(Ta-27.9)/2.57)) + 1.07= 5.9718501
APPENDIX C
TM ET ESTIMATESApril 2005
May 2005
20.28( ) 0.918 0.1808ref DN DNNDVI NDVI NDVI= − + +
20.28( ) 0.918 0.1808ref DN DNNDVI NDVI NDVI= − + +
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NDVI (DN) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.135483876 0.2 0.09497207 0.11864407 0.17073171 0.20512821 0.26666668 0.31468531 0.27407408 0.11764706 0.13043478 0.17419355 0.06586827
Row 1 0.172413796 0.19379845 0.22857143 0.27407408 0.26865673 0.28358209 0.29850745 0.3037037 0.29850745 0.25 0.20895523 0.1970803 0.22155689
Row 2 0.260869563 0.21538462 0.24409449 0.25581396 0.265625 0.265625 0.26717559 0.28787878 0.25581396 0.28787878 0.25757575 0.25547445 0.24528302
Row 3 0.271428585 0.24409449 0.28125 0.24615385 0.24615385 0.24615385 0.27131784 0.265625 0.2631579 0.265625 0.26717559 0.2888889 0.28767124
Row 4 0.25757575 0.25 0.25 0.26984128 0.25984251 0.2932331 0.2932331 0.27692309 0.2631579 0.26865673 0.25 0.27131784 0.27142859
Row 5 0.260869563 0.25 0.264 0.26984128 0.26984128 0.28682169 0.29770991 0.30827066 0.30827066 0.30882353 0.2932331 0.28125 0.30882353
NDVI (Reflectance) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.300034551 0.3532 0.26545884 0.28577386 0.3293699 0.35732597 0.4056889 0.4419536 0.41136736 0.28492457 0.29577542 0.33221353 0.24005225
Row 1 0.33075244 0.34819078 0.376 0.41136736 0.40721748 0.4186111 0.42987997 0.43377393 0.42987997 0.3928 0.36039546 0.35084433 0.37044474
Row 2 0.401223438 0.36553373 0.38819575 0.39731379 0.40488789 0.40488789 0.40608 0.42186795 0.39731379 0.42186795 0.39867786 0.39705073 0.38912396
Row 3 0.409342868 0.38819575 0.41683906 0.38980355 0.38980355 0.38980355 0.40925803 0.40488789 0.40298837 0.40488789 0.40608 0.42263211 0.42171087
Row 4 0.398677864 0.3928 0.3928 0.40812629 0.40043035 0.425912 0.425912 0.41354321 0.40298837 0.40721748 0.3928 0.40925803 0.40934287
Row 5 0.401223438 0.3928 0.40363712 0.40812629 0.40812629 0.42106764 0.42928097 0.43718384 0.43718384 0.43759585 0.425912 0.41683906 0.43759585
NDVI (Ref) Minimum Value = 0.24005225
NDVI (Ref) Maximum Value = 0.87954945
Average (Ref) = 0.55980085
EVI* = 0.241(NDVIref) + 2.11 (NDVIref)2 - 0.0223 = 0.7738375
Maximum Daily Temperature Average (oC) = 33.8
ET (mm d-1) = 11.5(1-e-1.63EVI*)(0.883/(1+e-(Ta-27.9)/2.57)) + 1.07= 8.3480356
July 2005 NDVI Values
NDVI (DN) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.910493827 0.51820106 0.80581121 0.72681159 0.6039233 0.70409669 0.59609819 0.36973333 0.06555556 0.19666667 0.99498765 0.91374359 0.77080645
Row 1 0.337142857 0.92518841 0.84549858 0.52843478 0.49166667 0.52843478 0.52843478 0.39333333 0.28921569 0.26054131 0.50297935 0.86602339 1
Row 2 0.246613757 0.68833333 0.61333333 0.42924638 0.47660661 0.46578947 0.52843478 0.61333333 0.52843478 0.52843478 0.45552707 0.35072222 0.28921569
Row 3 0.355801527 0.68833333 0.68833333 0.6039233 0.47660661 0.36573099 0.39333333 0.39333333 0.20014749 0.32333333 0.46578947 0.39333333 0.33714286
Row 4 0.208496241 0.37384384 0.37384384 0.47660661 0.47660661 0.20014749 0.13345238 0.42924638 0.13168116 0.22267218 0.26054131 0.39333333 0.41121212
Row 5 0.615877193 0.28371585 0.49166667 0.44577778 0.21887097 0.36573099 0.19666667 0 0.09597333 0.06555556 0.35072222 0.26054131 0.06555556
NDVI (Reflectance) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.784513611 0.58131952 0.73872181 0.70010162 0.63307905 0.68835016 0.62852488 0.48193843 0.23977669 0.35051022 0.81699855 0.78583696 0.7220404
Row 1 0.458470857 0.79045035 0.7568047 0.587715 0.56446389 0.587715 0.587715 0.49856089 0.4228792 0.40097003 0.57169834 0.76581045 0.8188
Row 2 0.390162292 0.68002522 0.63851022 0.52325749 0.55472178 0.54764598 0.587715 0.63851022 0.587715 0.587715 0.54087247 0.4683213 0.4228792
Row 3 0.471979278 0.68002522 0.68002522 0.63307905 0.55472178 0.47908849 0.49856089 0.49856089 0.35331887 0.44834756 0.54764598 0.49856089 0.45847086
Row 4 0.360027758 0.48485607 0.48485607 0.55472178 0.55472178 0.35331887 0.29832262 0.52325749 0.29682812 0.37132985 0.40097003 0.49856089 0.51094601
Row 5 0.639969942 0.41871264 0.56446389 0.53438301 0.36831029 0.47908849 0.35051022 0.1808 0.26632447 0.23977669 0.4683213 0.40097003 0.23977669
Values > 1 excluded
NDVI (Ref) Minimum Value = 0.23977669
NDVI (Ref) Maximum Value = 0.8188
Average (Ref) = 0.52928835
EVI* = 0.241(NDVIref) + 2.11 (NDVIref)2 - 0.0223 = 0.6963669
Maximum Daily Temperature Average (oC) = 43.1
ET (mm d-1) = 11.5(1-e-1.63EVI*)(0.883/(1+e-(Ta-27.9)/2.57)) + 1.07= 7.9608737
June 2005
0.95( ) 0.15ref DNNDVI NDVI= +
20.28( ) 0.918 0.1808ref DN DNNDVI NDVI NDVI= − + +
20.28( ) 0.918 0.1808ref DN DNNDVI NDVI NDVI= − + +
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NDVI (DN) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.303030312 0.365079373 0.22137405 0.286821693 0.353846163 0.380952388 0.4375 0.41538462 0.396825403 0.236641228 0.230769232 0.261538476 0.261538476
Row 1 0.333333343 0.34959349 0.365079373 0.365079373 0.375999987 0.375999987 0.375999987 0.385826766 0.379844964 0.338842988 0.289256185 0.252032518 0.252032518
Row 2 0.312977105 0.360000014 0.348837197 0.348837197 0.380952388 0.385826766 0.396825403 0.380952388 0.39199999 0.365079373 0.317460328 0.290322572 0.25
Row 3 0.323308259 0.380952388 0.390625 0.375999987 0.39199999 0.385826766 0.40157479 0.421875 0.4108527 0.377049178 0.371900827 0.360655725 0.27692309
Row 4 0.32846716 0.379844964 0.39199999 0.39199999 0.403225809 0.4108527 0.426356584 0.4375 0.439393938 0.407999992 0.382113814 0.378151268 0.268292695
Row 5 0.37062937 0.424242437 0.382113814 0.423728824 0.414634138 0.41538462 0.446153849 0.450381666 0.422222227 0.461538464 0.403225809 0.372881353 0.317460328
NDVI (Reflectance) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.433270163 0.47862364 0.37029957 0.42106764 0.47057279 0.48987937 0.52883125 0.51381065 0.50099401 0.38235691 0.37773491 0.40173966 0.40173966
Row 1 0.455688896 0.46750645 0.47862364 0.47862364 0.48638271 0.48638271 0.48638271 0.49330753 0.48909866 0.45970978 0.42290982 0.39438014 0.39438014
Row 2 0.440685676 0.47499201 0.46696008 0.46696008 0.48987937 0.49330753 0.50099401 0.48987937 0.49763007 0.47862364 0.44400988 0.42371571 0.3928
Row 3 0.448329077 0.48987937 0.49666914 0.48638271 0.49763007 0.49330753 0.50429221 0.51824727 0.5106988 0.48712464 0.4834781 0.47546164 0.41354321
Row 4 0.452123464 0.48909866 0.49763007 0.49763007 0.5054358 0.5106988 0.52129696 0.52883125 0.53010487 0.50873407 0.49069741 0.48790332 0.40693802
Row 5 0.482575245 0.5198597 0.49069741 0.51951015 0.51329613 0.51381065 0.53463432 0.53745415 0.51848395 0.54484734 0.5054358 0.48417374 0.44400988
NDVI (Ref) Minimum Value = 0.37029957
NDVI (Ref) Maximum Value = 0.54484734
Average (Ref) = 0.45757345
EVI* = 0.241(NDVIref) + 2.11 (NDVIref)2 - 0.0223 = 0.5297532
Maximum Daily Temperature Average (oC) = 40.4
ET (mm d-1) = 11.5(1-e-1.63EVI*)(0.883/(1+e-(Ta-27.9)/2.57)) + 1.07= 6.9425041
NDVI (DN) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.307086617 0.413793117 0.4214876 0.411764711 0.462184876 0.520661175 0.516666651 0.491525412 0.473684222 0.448275864 0.421052635 0.392857134 0.075949363
Row 1 0.438016534 0.400000006 0.433333337 0.438016534 0.462184876 0.483333319 0.459016383 0.475409836 0.449999988 0.423728824 0.426086962 0.440677971 0.248407647
Row 2 0.440677971 0.428571433 0.474576265 0.487179488 0.474576265 0.478991598 0.478991598 0.483333319 0.483333319 0.475409836 0.474576265 0.440677971 0.352517992
Row 3 0.438016534 0.462184876 0.465517253 0.482758611 0.478260875 0.5 0.520661175 0.520661175 0.519999981 0.495934963 0.474576265 0.473684222 0.426229507
Row 4 0.439999998 0.474576265 0.513043463 0.529411793 0.487603307 0.483333319 0.517241359 0.478991598 0.491803288 0.5 0.492063493 0.396551728 0.090909094
Row 5 0.323741019 0.421875 0.409090906 0.411764711 0.551999986 0.51145041 0.462686568 0.442857146 0.453237414 0.441176474 0.435114503 0.45161289 0.207547173
NDVI (Reflectance) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.436300901 0.51271915 0.51798311 0.51132596 0.54527356 0.5828623 0.58035555 0.5643731 0.55281663 0.53605089 0.51768643 0.49822857 0.24890639
Row 1 0.529178803 0.5032 0.52602222 0.5291788 0.54527356 0.55908888 0.54318215 0.55394217 0.53719999 0.51951015 0.5211138 0.5309672 0.39156044
Row 2 0.530967196 0.5228 0.55339867 0.56157449 0.55339867 0.55627306 0.55627306 0.55908888 0.55908888 0.55394217 0.55339867 0.5309672 0.46961622
Row 3 0.529178803 0.54527356 0.54746707 0.55871676 0.55579811 0.5698 0.5828623 0.5828623 0.58244799 0.56720188 0.55339867 0.55281663 0.52121064
Row 4 0.530511998 0.55339867 0.57807409 0.58832251 0.56184788 0.55908888 0.58071675 0.55627306 0.56455169 0.5698 0.56471887 0.50080357 0.2619405
Row 5 0.448647946 0.51824727 0.50948595 0.51132596 0.60221887 0.57706865 0.54560419 0.53242857 0.53935318 0.53130173 0.52722422 0.53827346 0.35926707
NDVI (Ref) Minimum Value = 0.24890639
NDVI (Ref) Maximum Value = 0.60221887
Average (Ref) = 0.42556263
EVI* = 0.241(NDVIref) + 2.11 (NDVIref)2 - 0.0223 = 0.4623891
Maximum Daily Temperature Average (oC) = 40.7
ET (mm d-1) = 11.5(1-e-1.63EVI*)(0.883/(1+e-(Ta-27.9)/2.57)) + 1.07= 6.445541
September 2005
August 2005
0 . 9 5 ( ) 0 . 1 5r e f D NN D V I N D V I= +
20.28( ) 0.918 0.1808ref DN DNNDVI NDVI NDVI= − + +
20.28( ) 0.918 0.1808ref DN DNNDVI NDVI NDVI= − + +
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NDVI (DN) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.069767445 0.060240965 0.060240965 0.100000001 0.142857149 0.106382981 0.105882354 0.061728396 0.073170729 0.073170729 0.071428575 0.08510638 0.108695649
Row 1 0.113402061 0.054945055 0.096774191 0.100000001 0.073170729 0.084337346 0.084337346 0.086419754 0.086419754 0.075000003 0.060240965 0.046511628 0.123595506
Row 2 0.081632651 0.083333336 0.096774191 0.093023255 0.071428575 0.071428575 0.073170729 0.097560972 0.113636367 0.082352944 0.060240965 0.069767445 0
Row 3 0.072164945 0.07526882 0.096774191 0.088888891 0.090909094 0.116279073 0.073170729 0.084337346 0.084337346 0.082352944 0.093023255 0.06818182 0.106382981
Row 4 0.072164945 0.094736844 0.06666667 0.082352944 0.084337346 0.071428575 0.105882354 0.111111112 0.084337346 0.086419754 0.086419754 0.097560972 0.101123594
Row 5 0.059999999 0.096153848 0.07526882 0.07692308 0.118279569 0.106382981 0.090909094 0.090909094 0.078651689 0.082352944 0.095238097 0.093023255 0.142857149
NDVI (Reflectance) Values
Column 0 1 2 3 4 5 6 7 9 10 11 12 13
Row 0 0.243483616 0.23508509 0.23508509 0.2698 0.30622858 0.27529072 0.2748609 0.23639976 0.24647162 0.24647162 0.24494286 0.25689959 0.27727448
Row 1 0.281302284 0.23039425 0.26701644 0.2698 0.24647162 0.2562301 0.2562301 0.25804219 0.25804219 0.248075 0.23508509 0.22289194 0.28998344
Row 2 0.253872885 0.25535556 0.26701644 0.26377242 0.24494286 0.24494286 0.24647162 0.26769589 0.28150248 0.25450104 0.23508509 0.24348362 0.1808
Row 3 0.245589242 0.24831047 0.26701644 0.26018766 0.2619405 0.28375836 0.24647162 0.2562301 0.2562301 0.25450104 0.26377242 0.24208926 0.27529072
Row 4 0.245589242 0.2652554 0.24075556 0.25450104 0.2562301 0.24494286 0.2748609 0.27934321 0.2562301 0.25804219 0.25804219 0.26769589 0.27076818
Row 5 0.234871999 0.26648047 0.24831047 0.24975858 0.28546343 0.27529072 0.2619405 0.2619405 0.25127015 0.25450104 0.26568889 0.26377242 0.30622858
0.281302284 0.26648047 0.26701644 0.2698 0.30622858 0.28375836 0.2748609 0.27934321 0.28150248 0.25804219 0.26568889 0.26769589 0.30622858
NDVI (Ref) Minimum Value = 0.22289194
NDVI (Ref) Maximum Value = 0.30622858
Average (Ref) = 0.26456026
EVI* = 0.241(NDVIref) + 2.11 (NDVIref)2 - 0.0223 = 0.1891424
Maximum Daily Temperature Average (oC) = 34.7
ET (mm d-1) = 11.5(1-e-1.63EVI*)(0.883/(1+e-(Ta-27.9)/2.57)) + 1.07= 3.7640569
October 2005
20.28( ) 0.918 0.1808ref DN DNNDVI NDVI NDVI= − + +
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Date EVI ET (mm/day)
1/1/2002 0.2539 1.1604
1/17/2002 0.2869 1.4788
2/2/2002 0.153 1.1024
2/18/2002 0.2023 1.3465
3/6/2002 0.1661 1.5181
3/22/2002 0.1714 1.5922
4/7/2002 0.2767 4.2567
4/23/2002 0.3142 5.5456
5/9/2002 0.3638 6.0555
5/25/2002 0.3082 5.5010
6/10/2002 0.4728 8.5806
6/26/2002 0.3122 6.6324
7/12/2002 0.1673 3.5119
7/28/2002 0.1835 3.9458
8/13/2002 0.3903 7.7601
8/29/2002 0.2941 6.3221
9/14/2002 0.3404 7.0057
9/30/2002 0.3764 7.5338
10/16/2002 0.3609 6.6574
11/1/2002 0.2833 3.7123
11/17/2002 0.2407 2.7444
12/3/2002 0.2341 1.8312
12/19/2002 0.2214 1.2966
1/1/2003 0.2436 1.1085
1/17/2003 0.1477 1.2823
2/2/2003 0.3252 2.4463
2/18/2003 0.2271 1.2798
3/6/2003 0.1171 1.1263
3/22/2003 0.2442 2.5776
4/7/2003 0.2032 2.7297
4/23/2003 0.4923 4.8056
5/9/2003 0.5297 6.0330
5/25/2003 0.4253 7.9664
6/10/2003 0.3833 7.6580
6/26/2003 0.4025 7.8127
7/12/2003 0.3268 6.8815
7/28/2003 0.4867 8.7675
8/13/2003 0.3558 7.2910
8/29/2003 0.4439 8.3058
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Date EVI ET
9/14/2003 0.2626 5.7284
9/30/2003 0.3452 7.1113
10/16/2003 0.3579 7.1705
11/1/2003 0.2904 5.9269
11/17/2003 0.444 1.8958
12/3/2003 0.2629 1.4704
12/19/2003 0.2384 1.2930
1/1/2004 0.2403 1.1548
1/17/2004 0.4217 1.3201
2/2/2004 0.4715 1.5726
2/18/2004 0.4846 1.3745
3/5/2004 0.3748 1.3474
3/21/2004 0.3794 6.1742
4/6/2004 0.6826 7.5702
4/22/2004 0.3009 5.2252
5/8/2004 0.5596 8.9913
5/24/2004 0.7305 9.8135
6/9/2004 0.6187 9.6114
6/25/2004 0.5463 9.1401
7/11/2004 0.3411 7.0621
7/27/2004 0.7669 10.3104
8/12/2004 0.4593 8.5154
8/28/2004 0.5403 9.1408
9/13/2004 0.5181 8.9840
9/29/2004 0.6705 9.6222
10/15/2004 0.6388 9.2425
10/31/2004 0.328 2.4160
11/16/2004 0.3588 1.8574
12/2/2004 0.4985 1.2823
12/18/2004 0.25 1.2590
1/1/2005 0.3516 1.2090
1/17/2005 0.3995 1.3110
2/2/2005 0.4029 1.5248
2/18/2005 0.2527 1.3272
3/6/2005 0.4674 1.6077
3/22/2005 0.6119 4.0763
4/7/2005 0.4502 3.9830
4/23/2005 0.3709 5.9054
5/9/2005 0.4584 6.2466
5/25/2005 0.4048 7.7485
6/10/2005 0.4931 8.5190
6/26/2005 0.5451 9.1919
7/12/2005 0.3518 7.2514
7/28/2005 0.7256 10.1780
8/13/2005 0.4529 8.4223
8/29/2005 0.4661 8.5770
9/14/2005 0.4307 8.2007
9/30/2005 0.5674 9.2293
10/16/2005 0.458 8.0351
11/1/2005 0.2783 3.8093
11/17/2005 0.3588 3.9739
12/3/2005 0.4985 2.7672
12/19/2005 0.25 1.1735
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NDVI-DN NDVI-ref
Min
1992 -0.451 -0.2917
1993 -0.622 -0.4951
1994 -0.528 -0.3815
1996 -0.657 -0.5385
1997 -0.542 -0.3982
2002 -0.532 -0.3863
Water
1992 -0.251 -0.0708
1993 -0.278 -0.0996
1994 -0.306 -0.1299
1996 -0.423 -0.2597
1997 -0.333 -0.1593
2002 -0.24 -0.0592
Mean
1992 -0.124 0.0608
1993 -0.099 0.0860
1994 -0.12 0.0649
1996 -0.113 0.0719
1997 -0.101 0.0840
2002 -0.115 0.0699
Soil
1992 -0.008 0.1757
1993 -0.005 0.1786
1994 -0.008 0.1757
1996 -0.008 0.1757
1997 -0.005 0.1786
2002 -0.004 0.1796
Max
1992 0.396 0.5399
1993 0.45270712 0.5460
1994 0.461 0.5173
1996 0.433 0.5399
1997 0.44 0.5342
2002 0.471886959 0.5200
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